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1 1 
Introductio n n 

Inn the chemical industry gas-liquid-solid reactors are abundantly used, for instance in 

hydrogenationn and oxidation reactions. In the three phase reactors the solid phase is 

oftenn the catalyst. Industrial practice learns that for carbon supported catalysts the 

reactionn rates in three phase reactors may differ for different batches of activated 

carbon.. This might be caused by a difference in physical properties, like 

hydrophobicity,, for different batches produced activated carbon particles. In this thesis 

thee impact of the hydrophobicity of the activated carbon particles and the reaction 

mediaa on the performance of a three phase reactor is described. 

Ass a result of the hydrophobicity of the activated carbon, catalyst particles based on 

carbonn supports may segregate from an aqueous phase in a three phase reactor. This 

segregationn then either results in particle agglomeration or in particle to bubble 

adhesionn (Figure 1.1). The segregation of the hydrophobic catalyst particles in aqueous 

mediaa affects both the conversion rate and the operation of the reactor. In case of 

adheringg catalyst particles, these particles tend to be present in the liquid film around 

thee bubble. This may result in an increased mass transfer rate of the gaseous reactant 

ass suggested by Vinke et al. (1993). For a mass transfer limited reaction this will lead 

too an increased conversion rate. Agglomeration on the other hand results in an 

increasedd effective particle diameter, leading potentially to a decreasing conversion 

ratee when the reaction is mass transfer limited. 



Introduction Introduction 

bulkk particle adhering particle 

FigureFigure 1.1. Schematic representation of the behaviour of hydrophobic catalyst particles in a 

threee phase slurry reactor. 

Too predict the overall impact of particle segregation, it is important to investigate both 

agglomerationn and particle to bubble adhesion. Chapter 2 describes the impact of 

adhesionn and agglomeration on mass transfer under ambient conditions. Variations in 

thee hydrophobicity of an activated carbon particle may lead to a different net effect of 

adhesionn and agglomeration and may therefore provide an explanation for variations in 

conversionn rates, which are observed for different batches of carbon supported 

catalysts.. The impact of the hydrophobicity of activated carbon particles on the mass 

transferr enhancement is described in Chapter 7. 

Adhesionn can be investigated under stagnant and under non-stagnant conditions. Vinke 

etet al. (1991) and Wimmers et al. (1988) introduced Bubble Pick Up (BPU) equipment. 

Inn this method a bubble at a GC needle is dipped into a slurry of catalyst particles and 

slowlyy withdrawn. The bubble with any adhering particles is projected. From this 

projectionn the bubble coverage angle can be measured. Under non-stagnant conditions 

aa flotation column can be used to determine the bubble coverage (Drzymala et al. 

(1994)).. In Chapter 3 a comparison between stagnant and non-stagnant adhesion 

measurementss is made. A model to describe this particle to bubble adhesion is 

introducedd in Chapter 6. 

2 2 
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Agglomerationn is investigated under stagnant conditions using a light microscope as 

describedd in Chapter 2. Besides these experiments, also mass transfer experiments 

describedd in Chapter 2 are used to show the possible impact of agglomeration on the 

performancee of a three phase reactor. 

Bothh types of segregation behaviour, agglomeration and adhesion, of particles in 

aqueouss solutions are affected by the hydrophobicity of the surface. The most 

commonlyy used parameter to describe the hydrophobicity of substances is the three 

phasee contact angle between liquid, solid and gas. For the determination of this 

parameterr a flat surface is needed. The activated carbon particles used as catalyst 

particless are usually very porous and very small in size. Washburn introduced a 

methodd for determination of the three phase contact angle of small particles (Heertjes 

etet al. (1967)). The sedimentation method introduced by Vargha-Butler et al. (1985) 

cann also be used to determine the three phase contact angle. Besides this three phase 

contactt angle there are also some other methods to investigate the hydrophobicity. One 

off  them is the Weitkamp method (Weitkamp (1993)). This method is based on the 

competitivee adsorption of toluene and water vapour. As mentioned before, the amount 

off  oxygen containing groups determines the hydrophobicity of activated carbon 

particles.. Therefore, it is also possible to investigate the hydrophobicity by FTIR. To 

thiss end the FTIR peak representing carboxylic groups is compared to the peak 

representingg bulk aromatic groups. Heinen et al. (2000) demonstrated that the FTIR 

methodd and the Washburn method produce similar trends. These methods are 

describedd and compared in Chapter 4. 

Besidess the effect of adhering particles on the external mass transfer, particle to bubble 

adhesionn also affects the hydrodynamics in a three phase reactor as investigated in 

Chapterr 5. The presence of particles in a three phase reactor is known to result in a 

decreasee of the gas holdup, arising from the increased apparent viscosity and density 

off  the slurry phase (Krishna et al. (1997)). However, the presence of such particles at 

thee bubble surface also affects the bubble coalescence rate. Banisi et al. (1995) show 

thatt in the presence of hydrophobic particles the gas holdup is higher compared to the 

gass holdup in the presence of non-adhering particles, like silica. This indicates that the 

presencee of hydrophobic particles also tends to affect the overall hydrodynamics. 

3 3 
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Gas-solidd adhesion and solid-solid agglomeration of 

carbonn supported catalysts in three phase slurry reactors* 

Abstract t 

Inn the study of three phase slurry reactors the slurry phase is conventionally treated as 

aa quasi homogeneous liquid phase with altered sorption and reaction capacity due to 

thee presence of catalyst particles. This approach may be utterly wrong in cases in 

whichh phase segregation of the solid takes place. This phenomenon is relatively little 

studied.. This work will demonstrate that segregation may have a considerable impact 

onn the operation of three phase reactors. Two examples of segregation, i.e. gas-solid 

adhesionn and solid-solid agglomeration, will be discussed. Taking the example of 

carbonn and alumina supported palladium catalysts, employed in the hydrogenation of 

methyll  acrylate towards methyl propionate, the segregation of the catalyst phase by 

adhesionn to gas bubbles is studied. A quantitative model is developed based on the 

filmm theory, the particle to bubble collision probability and the impact of the size of 

adheringg particles on the effective film thickness. This model is used to describe 

adhesionn under non-stagnant conditions and its impact on the overall G-L mass 

transferr rate. The conversion rate of a mass transfer limited model reaction, i.e. the 

hydrogenationn of methyl acrylate to methyl propionate, is studied in a stirred tank 

reactorr for two different catalysts (Pd/C and Pd/Al203) to verify the model. It is 

quantitativelyy demonstrated that particle to bubble adhesion will result in increased G-

LL mass transfer rates. The second, closely related, phenomenon studied is the 

segregationn of the solid and liquid phase by agglomeration of the catalyst particles. 

Thiss behaviour is of particular importance as it leads to a substantial increase in the 

effectivee particle size resulting in a decreased conversion rate. 

**  van der Zon, M, P.J. Hamersma, E.K. Poels, and A. Bliek, Catal. Today 48, 13, (1999) 
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2.11 Introductio n 

Threee phase slurry reactors are widely used in chemical and biochemical industries. In 

mostt of these reactors a catalyst is present as a dispersed solid phase. The effect of the 

presencee of catalyst particles on the hydrodynamic behaviour of a three phase slurry 

reactor,, either on the mass transfer rate of the gaseous reactant to the catalyst surface 

orr on the coalescence of bubbles, is still not well understood. This chapter focuses on 

thee effect of two types of segregation phenomena, agglomeration and adhesion of 

catalystt particles, on the mass transfer processes and on the conversion rate of the key 

reactant. . 

Thee conversion rate of a gas-liquid mass transfer limited reaction may be enhanced by 

thee presence of small catalyst particles adhering to gas bubbles. Vinke et al. (1991) 

showedd with bubble pick up experiments that small hydrophobic particles wil l adhere 

too bubbles in an aqueous slurry, while hydrophilic particles wil l stay in the liquid 

phase.. This adhesion may either affect the mass transfer rate by an increasing specific 

bubblee surface aL and/or by an increasing mass transfer coefficient kL. According to 

Lindnerr et al. (1988) the main reason for mass transfer enhancement is the increase of 

aL,, caused by a decreased bubble coalescence rate. Other authors suggest an increase 

inn the value of kL. Alper et al. (1980), Kars et al. (1968), Quicker et al. (1987) 

introducedd the so called grazing or shuttle effect, where it is assumed that particles, 

smallerr than the liquid side film thickness, penetrate into the gas-liquid boundary 

layer.. Because of the high gas concentration in this layer compared to the bulk liquid, 

thee adsorption rate from the gas phase increases. Catalyst particles saturated with gas 

cann move back into the bulk liquid and increase the gas phase concentration there. 

Thee new model introduced in this chapter is based on the presence of small catalyst 

particless in the liquid film around a gas bubble, which results in a decreased effective 

filmfilm  thickness and an increased kL (See also Pal et al. (1982), Holstvoogd et al. (1990), 

Vinkee et. al. (1993), Joly-Vuillemin et al. (1996)). 

6 6 
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Too study the effects of the two types of segregation phenomena (adhesion and 

agglomeration)) on the mass transfer rate in a three phase reactor, the hydrogenation of 

methyll  acrylate is used as a model reaction. 

2.22 Experimental 

2.2.12.2.1 Hydrogenation of methyl acrylate. 

AA schematic representation of the glass slurry reactor used for our experiments is 

givenn in Figure 2.1. This thermostarted stirred tank reactor is designed according to a 

standardd geometry as described by Forrester (1994). 

mercury y 
ring ring 

H,, tube 

vacuum m 

H2 2 

Stirrer r 

r r 
FigureFigure 2.1. Schematic representation of the stirred tank reactor. 

Thee catalysts used are 5 wt% Pd/Al203 and 10 wt% Pd/C (Fluka Chemie AG) in a 

concentrationn range from Ys = 0.1 to 1 kgm"3 (See also Table 2.1). The concentration 

methyll  acrylate in distilled water is varied between 0.06 and 0.19 mol L" . Hydrogen is 

usedd as the gas phase. All experiments are performed at atmospheric pressure and a 

stirrerr speed of 6.67 s"1 (400 rpm). A typical experiment (Cma = 0.063 mol L~', 

yss = 0.5 kg m"3) is performed in the following way: the reactor is filled with 0.350 L 

distilledd water, 2 mL methyl acrylate, and 0.17 g catalyst. The stirrer is started and the 

reactorr is thermostatted at 303 K. Subsequently the reactor is degassed in vacuum. 

Afterr degassing the reaction is started by filling  the reactor with hydrogen. The 

hydrogenn consumption is followed by using a graded tube sealed with a mercury ring. 

7 7 
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2.2.22.2.2 Catalyst characterisation 

Underr equilibrium conditions, the distribution of the hydrogen adsorbed on the 

particless and dissolved liquid layer around the particle is described by a partition 

coefficientt denoted as m. This parameter reflects the gas adsorption capacity of the 

solidd particles and has been determined by Vinke et al. (1993). The average diameter 

off  the particles or agglomerates, dp, is determined with a Coulter Counter. The density 

off  the catalyst particles is calculated from the densities of carbon and alumina, 

obtainedd from mercury porosimetry, and the known density of palladium. The values 

off  these properties are given in Table 2.1. 

Catalyst t 

Particlee or agglomerate diameter, dp (|im) 

Density,, ppg (kg m"3) 

Partitionn coefficient, m 

Pd/C C 

6.00 5 

1344 4 

945 5 

Pd/Al203 3 

7.44 9 

2148 8 

1520 0 

TableTable 2.1. Physical properties of the catalysts used. 

AA light microscope is used to investigate agglomeration of particles under stagnant 

conditions.. Five different solutions of methyl acrylate in distilled water are prepared: 

0,, 0.06, 0.09, 0.13, and 0.19 mol L1. An amount of 0.025 g Pd/C catalyst is dispersed 

inn 10 mL of each solution. These samples are observed and photographed at an 

enlargementt factor of 40. 

2.33 Model development 

Vinkee et al. (1991) reported that the adhesion of particles to bubbles in an aqueous 

solutionn is affected by the hydrophobicity of the catalyst. Hydrophobic particles show 

aa higher bubble coverage than hydrophilic particles. In case of mass transfer limited 

reactionss in aqueous solutions, the conversion rate of the reactant is enhanced as a 

resultt of the presence of the catalyst particles in the liquid film around gas bubbles. 

Therefore,, the conversion rate increases for higher bubble coverage. A model based on 

adhesion,, film theory, and the following assumptions describes the mass transfer rate 

enhancementt resulting from particle to bubble adhesion: 



ChapterChapter 2 

1.. The particles are spherical and of equal size 

2.. The value of the specific bubble surface aL is not influenced by the particles present 

inn the liquid phase 

3.. Adhering particles are much smaller than the gas bubbles ( dp < « db). Therefore, the 

interfacee between the particles and the bubble surface can be considered as being 

flat.. In case of adhering particles the effective film thickness is reduced to half the 

particlee radius as described by Vinke et al. (1993) (8eff = dp/4), therefore kLS can be 

calculatedd by 

4.. The contribution of non-adhering particles to the enhancement factor is negligible 

small. . 

Inn the presence of adhering particles, the bubble is partly covered with particles 

(Figuree 2.2). 

4<Du u 

FigureFigure 2.2. Schematic representation the gas-liquid interfacial mass transfer in case of a partly 

coveredd bubble (dashed arrows: through the uncovered part of the bubble, full arrows: 

throughh the covered part of the bubble). 

Inn case of partly covered bubbles the mass transfer rate of the gaseous reactant is the 

resultt of a contribution from the mass transfer through the non-covered and through 

thee covered part of the bubble, respectively (Figures 2.2, 2.3a and 2.3b). 

9 9 
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gass liqui d bulk S-L  «.„IJH 
filmfilm  liqui d film  S 0 l Id 

.( ( 
C„ „ 

mCs s 

eass liuuid 
~~ film  „ . ; . CC 2 . solid 

bulkk  liauid 

( ( 

ÖÖ CS Seff 5 

FigureFigure 2.3a. Mass transfer through uncovered Figure 2.3b. Mass transfer through covered 

partt of bubble (<t>u). part of bubble (Oc). 

Thee increase in the conversion rate under mass transfer limited conditions can be 

expressedd in terms of an enhancement factor E, defined as the ratio between the 

conversionn rate in presence of adhering particles O^ and the conversion rate in absence 

off  adhering particles O^ ,. A proper calculation of E involves the use of similar 

hydrodynamicc conditions and specific external catalyst surface area. The defining 

equationss are: 

E E 
O O 

O O f=0 0 
(2.1) ) 

Inn which 

®®rr=c®=c®cc+(i-cK +(i-cK 

* C = o = * . . 

(2.2) ) 

(2.3) ) 

Underr the assumption that the conversion rate is determined by the film mass transfer 

off  the gaseous reactant, one may derive the following equation for the mass transfer 

ratee through the uncovered part of the bubble for a first order reaction: 

10 0 
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<t><t> uu=k=kLLaaLLVVLL(C-C(C-CBB) ) 

==  ksasVL(CB-Cs) (2.4) 

==  krt]mVLCsys/ppg 

where e 

66 Ys , 2DAB 

*,Pm*,Pm ' dP ' 

andd T| is the effectiveness factor of the catalyst. 

Eliminationn of CB and substitution of as into equation (2.4) results in the following 

equationn for the mass transfer rate through the uncovered part of the bubble. 

C*V,C*V, k, a, 
OO = I L L 

K*LPJ*,K*LPJ*,  , i ) ( 2 5 ) 

C*VC*VLL P^ 
Too obtain the values of kLaL and k/n, from a plot of - versus , equation (2.5) 

^u^u  is 

mayy be reformulated as: 

CvCvLL i _ 
<LI<LI  i ~ (2-5b) 

I6kI6k ss krr]m) ys 

Forr the covered part of the bubble the hydrogen flow rate is given by the following 

equation,, using the assumption that Cs= 0, i.e. full mass transfer control (Westerterp et 

aiai (1993)): 

O^k^a^CO^k^a^C (2.6) 

11 1 
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Substitutionn of equations (2.2), (2.3), (2.5), and (2.6) into equation (2.1) leads to the 

followingg relation between the enhancement factor E and the catalyst concentration %. 

EE = \ + C 
llLS LS 

K K + + 
kkLSLS aL PPS 

7s 7s 

d. d. 1 1 

ó&ss krr\ m 
- 1 1 (2.7) ) 

Assumingg that the probability of collision with a gas bubble is equal for each 

individuall  particle the following collision probability function may be derived: 

Od(yOd(yss)^e-^d{qy)^e-^d{qyss) ) (2.8) ) 

Thee fraction L, of the bubble covered by adhering particles as a function of the catalyst 

concentrationn ys can be obtained from: 

^=\^d{r^=\^d{r ss)) = \e^d{qrs) = \-e -<77< < 
(2.9) ) 

Forr ys—>  oo the fraction C, becomes ^max, resulting in the following bubble coverage 

function: : 

?? = £»(l-e-*r J ) (2.10) ) 

Inn equation (2.10) £max represents the maximum bubble coverage for the specific three 

phasess applied, which is observed at a high catalyst concentration in the slurry. £max is 

aa function of the hydrophobicity of the catalyst surface and the hydrodynamics in the 

reactor.. However, below a critical catalyst concentration yso, the number of adhering 

particless is assumed to be zero. This can be rationalised as below a certain catalyst 

concentration,, particles do not adhere within a finite time scale. Taking into account 

thiss boundary condition, the following equation for the bubble coverage is obtained: 

12 2 
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ïï = L^-e-qlY>-y* o)) ForYs>Yso (2-H) 

f = 00 forys<Yso (2-12) 

Thee parameters q and yso are constants which depend on the hydrodynamic conditions 

inn the stirred tank reactor. 

2.44 Experimental results and discussion 

Previouss experiments in our laboratory concerning the hydrogenation of methyl 

acrylatee showed that, under the conditions used for the work presented in this paper, 

thee conversion rate is first order in hydrogen, independent of the methyl acrylate 

concentrationn and dependent on the stirring rate. These results show that this reaction 

iss hydrogen mass transfer rate limited. 

2.4.12.4.1 Determination of the parameters k  ̂ aL and krr\ 

Vinkee et al. (1991) observed that, for an aqueous slurry, Pd/C particles strongly adhere 

too hydrogen bubbles while Pd/Al203 particles do not. Hence, the conversion rate under 

masss transfer limited conditions in presence of Pd/Al203 particles represents the 

conversionn rate at zero coverage O ^ (See equation (2.1)). The conversion rate 

measuredd in the current study for the hydrogenation of methyl acrylate to methyl 

propionatee in presence of Pd/Al203 particles is shown in Figure 2.4. The 

correspondingg values of kLaL and krr| for the Pd/Al203 system are obtained from the 

interceptt and slope of a plot of C*VL/<I>U versus ppg/ys using equation (2.5b) (See Figure 

2.4). . 

Fromm a best-fit procedure we found the following values for kLaL (2.0-10" s" ) and k,.r| 

(0.388 s"1). The observed gas holdup e and bubble diameter db are 0.01-0.015 and 

1.5-10"3-2-10"33 m respectively. This results in an approximate value for aL of 40 m m" 

6e 6e 

13 3 
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OO 2500 5000 7500 10000 

PpgYs s 

FigureFigure 2.4. C*  VL <ï>u~' versus ppgYs"' for the mass transfer limited hydrogenation of 

0.066 mol L"1 methyl acrylate in presence of Pd/Al203 catalyst particles (C* = 0.76 mol m"3). 

Thee markers ) represent the experimental data, the solid line is the result of a best-fit 

proceduree (equation 2.5b). 

Inn the following sections the influence of the Pd/C catalyst concentration and methyl 

acrylatee concentration on the enhancement factor wil l be presented for the 

hydrogenationn of methyl acrylate to methyl propionate. 

2.4.2.2.4.2. Effect of catalyst concentration 

Figuree 2.5 shows the experimental results for the enhancement factor as a function of 

thee catalyst concentration, as calculated by equation (2.1), in which <&<; is the measured 

conversionn rate of methyl acrylate in presence of a PdVC catalyst and <E>^=0 is derived 

fromm the measured conversion rate in presence of a Pd/Al203 catalyst for the same 

valuee of the specific external catalyst surface. The methyl acrylate concentration is 

0.066 mol IS for all experiments. 

14 4 
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FigureFigure 2.5. The enhancement factor E as a function of the catalyst concentration ys. 

 : Ratio of the experimental conversion rates in presence of Pd/C particles and the 

experimentall  conversion rate in the presence of Pd/Al203 particles as defined by equation 

(2.1).. The solid line is calculated from equations (2.7), (2.11), and (2.12) using the values of 

£max,, q, and yso given in Table 2.2. 

Thee solid line through the markers is calculated using equations (2.7), (2.11), and 

(2.12)) after substitution of the appropriate values of ^max, q, and yso (See Table 2.2) 

obtainedd from a best-fit procedure. 

Parameter r 

^maxx \~) 

Ysoo (kg m"3) 
q(m3kg-') ) 

value e 

0.2 2 

0.075 5 

46 6 

TableTable 2.2. The values of ^max, Yso, and q obtained by a best-fit procedure of the data points in 

Figuree 2.5. 

Fromm the experimental data represented in Figure 2.5 it can be seen that the value of 

Ysoo lies in a small interval with the boundary values 0.07 and 0.078 kg m" . From 

flotationn experiments under non-stagnant conditions (Chapter 3) £max was found to 

15 5 



ChapterChapter 2 

rangee from 0.1 to 0.25. This value of £max is in good agreement with the value obtained 

byy a best-fit procedure (Table 2.2). 

2.4.3.2.4.3. Impact of the methyl acrylate concentration on catalyst agglomeration 

Underr stagnant hydrodynamic conditions the agglomerate size of Pd/C catalyst 

particless decreases for higher methyl acrylate concentrations (Figure 2.6). The captions 

inn Figure 2.6 also give the surface tension aLG of the liquid phase. The agglomeration 

behaviourr of Pd/Al203 is also investigated by microscopic imaging, but no significant 

changee in agglomeration is observed. 

A B C C 

Cmaa = 0molL_l Cma = 0.06 mol U' Cma = 0.09 mol L"1 

GLG== 73 mN m"1 aLC=  45 mN m"1 aLG=  44 mN m"1 

FigureFigure 2.6. Microscopic images (125x200 um) of PaVC slurry for different methyl acrylate 

concentrationn (Cma) in water and the corresponding surface tension GLG of the liquid phase. 

Iff  similar agglomeration behaviour of both catalysts would occur under non-stagnant 

reactorr conditions, an increase in the conversion rate with increasing concentration 

methyll  acrylate is expected due to the decreasing effective particle diameter. The 
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resultss of the hydrogenation of methyl acrylate at different methyl acrylate 

concentrationn using Pd/C catalyst particles are presented in Figure 2.7. This figure 

clearlyy shows the expected increase of the conversion rate for increasing concentration 

methyll  acrylate. 
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FigureFigure 2.7. The conversion rate for the hydrogenation of methyl acrylate under mass transfer 

limitedd conditions as a function of methyl acrylate concentration (Pd/C, ys = 0.5 kg m"). 

Underr the assumption that the increased conversion rate at increasing concentration of 

methyll  acrylate is only caused by de-agglomeration, i.e. by a decreasing effective 

particlee diameter, equation (2.7) can be used to calculate this effective catalyst particle 

diameterr deff. The result of this calculation is given in Table 2.3 and Figure 2.8. 

Cmaa (mol L"1) deff (|im) 

0.066 6.0~~ 

0.099 4.3 

0.133 3.6 

0.166 3.2 

0.199 3.0 

TableTable 2.3. The calculated effective particle diameter under non-stagnant conditions for 

variouss methyl acrylate concentrations (ys = 0.5 kg m"3, C,m3X, yso, and q: see Table 2.2). 
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Too obtain the enhancement factor E, the value of <DPd/Ai203 is calculated at the specific 

externall  catalyst surface for the different effective catalyst particle diameters (See 

Tablee 2.3). The enhancement factor obtained in this way and the corresponding 

effectivee particle diameters are plotted in Figure 2.8. The solid line represents the 

enhancementt factor calculated from equations (2.7), (2.11), and (2.12) and the 

appropriatee values of £max, q, and Yso (Table 2.2) using the values of the effective 

particlee diameter at the various methyl acrylate concentrations. 

7 7 

6 6 

5 5 

4 ! ! 
óó  to 

2 2 
1 1 

0 0 

0,2 2 

FigureFigure 2.8. The enhancement factor E and the effective particle diameter d«ff as a function of 

thee methyl acrylate concentration (ys = 0.5 kg m"3, £max, YSO, and q: see Table 2.2).  : The 

measuredd value of E; —: The model; : The calculated values of deff (right hand axis)). 

Severall  possible explanations for the observed increase in conversion rate as a function 

off  the concentration methyl acrylate could be put forward, e.g. an increasing specific 

bubblee surface and a change in the bubble coverage. For the surface tensions used for 

thee experiments the change in the specific bubble surface wil l not exceed 5% (Perry), 

whichh cannot explain the change in the conversion rate. Figure 2.8 shows that the 

observedd increased enhancement can be explained by a decreasing effective particle 

diameter.. This suggests that the agglomeration behaviour of the catalyst particles is an 

importantt reason for the observed enhancement. This hypothesis is supported by the 

factt that the calculated values of the effective particle diameter under non-stagnant 

reactorr conditions, represented in Table 2.3, show a similar trend with the 

concentrationn as the agglomerates under stagnant hydrodynamic conditions 

4 4 

3 3 

IXII  2 
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0,055 0,1 0,15 
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representedd in Figure 2.6. This effect of methyl acrylate on agglomeration can be 

causedd by three different phenomena. The first possible explanation is the effect of the 

surfacee tension. The other two possible explanations are both based on adsorption of 

methyll  acrylate on the carbon surface: i.e. an effect on hydrophobicity and on the 

interparticlee forces. Probably the surface plays the most important role. 

2.55 Conclusions 

AA new model has been developed which describes the enhancement of the conversion 

ratee of the hydrogenation of methyl acrylate caused by an increase in hydrogen 

transferr rate owing to adhesion of catalyst particles to gas bubbles. This model is based 

onn the gas-liquid film theory, particle to bubble collision probability and the effect of 

thee particle diameter of adhering particles on the effective film thickness. 

Thee enhancement factor E obtained from hydrogenation experiments at different 

catalystt concentrations (ys = 0.1-1 kg m"3) and several methyl acrylate concentrations 

(Cmaa = 0.06-0.19 mol I/1) are in excellent agreement with the results of the introduced 

model. . 

Ann important phenomenon is the agglomeration of Pd/C catalyst particles. A decrease 

inn agglomerate size with increasing concentration of methyl acrylate is observed under 

stagnantt conditions and is likely to hold under non-stagnant conditions. Agglomeration 

off  catalyst particles results in a decreased conversion rate and enhancement factor. 

Withh the developed enhancement model accurate prediction of the impact of 

agglomerationn on the rate of conversion can be calculated. 
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2.66 Nomenclature 

aLL bubble surface per unit of slurry volume, m m~ 

ass external catalyst surface per unit of slurry volume, m2 m~3 

Cgg concentration of the gaseous reactant in gas phase, mol m"3 

CC concentration at the fil m side of the gas-liquid interface, mol m 

CBB concentration of the gaseous reactant in the bulk liquid, mol irf 

Css concentration of the gaseous reactant at the liquid side of the solid-liquid 

interface,, mol irT 

Cmaa concentration methyl acrylate, mol L 

D A BB binary diffusion coefficient, m2 s"1 

dpp particle diameter, m 

EE enhancement factor, -

kLL liquid-side mass transfer coefficient for the uncovered part of the bubble 

surface,, m s"1 

kLss liquid-side mass transfer coefficient for the covered part of the bubble 

surface,, m s~' 

k ss mass transfer coefficient from the bulk liquid to the surface of the catalyst, m s" 

krr reaction rate constant, s"1 

mm partition coefficient defined as the ratio between the amount of gas phase 

reactantt molecules per unit volume catalyst and the amount of gas phase 

reactantt molecules per unit volume liquid, -

qq constant used in equation (6.11), m kg" 

V LL volume of the solid-liquid suspension in the reactor, m3 

GreekGreek symbols 

7ss catalyst concentration in the slurry, kg m"3 

Ysoo critical catalyst concentration, kg m" 

88 liquid-fil m thickness at the uncovered part of the bubble, m 

Sefff effective liquid-fil m thickness at the covered part of the bubble, m 

ee gas holdup, volume gas per total volume of suspension and gas, m m" 

££ fraction of bubble surface covered by adhering particles, -

£maxx maximum bubble coverage, -
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rjj  effectiveness factor of the catalyst, -

ppgg density of a dried catalyst with gas filled pores, kg m"3 

OLGG static surface tension between gas phase and liquid phase, N m"1 

OO collision probability function, -

<5CC gaseous mass transfer rate for the covered part of the bubble, mol s"1 

<E>UU gaseous mass transfer rate for the uncovered part of the bubble, mol s 

<ï>££ conversion rate in presence of adhering particles, mol s"1 

O =̂oo conversion rate in absence of adhering particles, mol s"1 
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Adhesionn of particles to gas bubbles under  non-stagnant 

conditions* * 

Abstract t 

Thee adhesion of catalyst particles to gas bubbles in a slurry reactor may lead to 

enhancedd G-L mass transfer rates, as was demonstrated in Chapter 2. The 

enhancementt of mass transfer rates may be predicted quantitatively, but only on the 

basiss of a priori knowledge of the bubble coverage by particles. In the present work 

experimentall  methods will be discussed that allow accurate determination of the 

coveragee of bubbles by particles, under both stagnant and non-stagnant conditions. 

Thee relevance of these phenomena to reactive systems is demonstrated by the results 

describedd in Chapter 2. 

*M.. van der Zon, H. Thoolen, P. J. Hamersma, E.K. Poels, A.BHek, submitted for Catal. 
Today Today 
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3.11 Introductio n 

Threee phase slurry reactors are widely used in chemical and biochemical industries. In 

mostt of these reactors a catalyst is present as a dispersed solid phase. The impact of 

thee presence of catalyst particles on the hydrodynamic behaviour of a three phase 

slurryy reactor, either on the mass transfer rate of the gaseous reactant to the catalyst 

surfacee or on the coalescence of bubbles, is subject of debate. Hydrophobic catalyst 

particless present in an aqueous liquid phase, may either agglomerate or adhere to gas 

bubbles.. The latter may give rise to increased G-L mass transfer rates and 

consequentlyy to higher conversion rates in three phase reactors (Chapter 2). Vinke et 

ai.ai. (1991), using bubble pick up experiments, showed that under stagnant conditions 

smalll  hydrophobic particles will adhere to bubbles in aqueous slurry, while 

hydrophilicc particles do not. 

InIn Chapter 2 we introduced a model to describe mass transfer enhancement under 

reactivee conditions, employing the bubble coverage C, as input parameter. To verify 

thiss model the hydrogenation of methyl acrylate under mass transfer limited conditions 

wass studied, using Pd on activated carbon as an adhering catalyst and Pd on alumina as 

non-adheringg catalyst as described in Chapter 2. An accurate method to measure the 

bubblee coverage is necessary to study the factors that influence the bubble coverage. In 

literaturee the adhesion of particles is studied either under stagnant conditions, for 

instancee using bubble pick up experiments (Vinke et al. (1991)), or under non-stagnant 

conditionss by flotation experiments. 

Inn flotation literature the Hallimond tube, or a modified versions of it, is often used for 

laboratoryy scale flotation experiments (Drzymala (1994)). In this chapter experimental 

resultss obtained with a new modified flotation column and results obtained with the 

Bubblee Pick Up (BPU) equipment are described and compared. The usefulness of 

flotationn column experiments and bubble pick experiments to determine the bubble 

coveragee is shown by a comparison of the bubble coverage obtained from modelling 

thee hydrogenation of methyl acrylate in a slurry reactor under mass transfer limited 

conditionss (Chapter 2) with the results obtained in both the flotation column and the 

BPUU equipment. 
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3.22 Theory 

Too study the particle to bubble adhesion and the agglomeration of catalyst particles we 

havee performed experiments under stagnant and non-stagnant conditions. The non-

stagnantt experiments described in this chapter refer to flotation experiments in a 

modifiedd Hallimond tube. During flotation the particle to bubble flotation probability 

iss an important factor. This probability Pf is a function of the hydrodynamic conditions 

inn the column, and can be described by the following equation (Yoon, (1993)): 

PPff=P=PeePÜ-Pé) PÜ-Pé) (3.1) ) 

Inn flotation literature is the adhesion probability Pa described as a function of the 

particlee diameter, the bubble diameter, the hydrodynamics in a flotation column, and 

thee induction time. For particles smaller than 100 (im, the detachment probability P̂  is 

negligiblee (Yoon, (1993)). The collision probability Pc is mainly determined by the 

hydrodynamicss in the reactor. The adhesion probability and collision probability under 

laminarr conditions are given by equations 3.2 and 3.3 (Yoon (1993)). The Reynolds 

numberr used in equation (3.2) is based on the bubble. In contrast to the collision 

probabilityy under turbulent conditions in a mechanically stirred reactor, the collision 

probabilityy under laminar flow conditions, as prevail in the Hallimond tube, is a 

functionn of the particle diameter. 

PP = sin' 22 arctan exp 

V V 

-((455 + 8ReQ72K;J 
15d15dbb(d(dbb/d/dpp+l) +l) 

(3.2) ) 

P.P. = 
33 4Re 
-- + 
22 15 

0.72 2 

A A 

(3.3) ) 

Thee induction time t; in equation (3.2) represents the time needed to rupture the film 

betweenn particle and bubble before adhesion can occur (Matis et al. (1995)). This 

parameterr is a function of the three phase contact angle: a higher contact angle will 

resultt in a lower induction time. 
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Too be representative for the adhesion behaviour in the reactor, i.e. the adhesion under 

turbulentt conditions, the flotation column needs to have equal particle to bubble 

collisionn probability for all particle sizes. The flotation probability as a function of 

particlee size under laminar and turbulent flow conditions in a stirred tank reactor at 

differentt induction times is given in Figure 3.1. This figure shows that a decrease in 

thee induction time, i.e. an increased three phase contact angle, results in an increased 

flotationn probability. Figure 3.1 also clearly shows that under laminar flow conditions 

thee flotation probability for small particles is about zero. This is mainly due to the low 

collisionn probability of the small particles. This also explains why Roizard et al. 

(1999)) did not observe any adhesion of carbon particles under laminar flow conditions. 
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FigureFigure 3.1. Flotation probability as a function of the particle diameter for laminar 

(—,, Pf=PcPa) or turbulent (—, Pf=Pa) conditions in a stirred reactor, db: 11 mm, 

p== 1000 kg m"3, r\=  M0"3 Pa s. For laminar flow conditions Ub = 0.1 ms~', for turbulent 

floww conditions Ub = 1 m s"1 is used. 1: induction time ti = 0.001s, 2: induction time 

t,, = 0.005 s. 

AA flotation column, which is a modified Hallimond tube, is developed to investigate 

adhesionn under turbulent conditions, as in a stirred slurry reactor (Figure 3.2). 
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collector r Gass out 
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FigureFigure 3.2. Schematic representation of the flotation column. 

FigureFigure 3.3. Schematic representation of the inlet of the flotation column. 

Beforee the bubbles enter the column they have to pass a packed bed of particles, as can 

bee seen in Figure 3.3. By using this set up of the Hallimond tube, the collision 

probabilityy is unity for all particles present in the sample, so only the adhesion 

probabilityy as a result of hydrophobicity and the particle diameter plays a role. By 

usingg this set up, the flotation column operating under laminar flow conditions 

becomess representative for the turbulent flow conditions in a stirred tank reactor. 
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Fromm the bubble coverage obtained by the flotation experiments, an enhancement 

factorr E of the mass transfer in presence of the adhering particles in a three phase 

slurryy reactor can be calculated using the equations presented in Chapter 2. 

3.33 Experimental 

3.3.13.3.1 Flotation 

Flotationn experiments are carried out in glass flotation column (Figure 3.2), with a 

lengthh of 30 cm and a diameter of 2.5 cm. In this flotation column particles and 

bubbless are transported through tubes to the column. For the experiments, 2 g of a 

samplee is dispersed in 40 ml of liquid. The column is filled with the same liquid. Both 

thee column and the sample slurry are saturated with nitrogen-gas or hydrogen-gas for 

100 minutes. The slurry (5 JULI s"1) and the bubbles of 1 mm diameter (about 20 bubbles 

perr minute) are jointly pumped into the column. The adhering particles are collected in 

thee top of the column and subsequently dispersed in 250 ml water. 

Thee amount of carbon flotated is investigated using a Met One particle counter (PCX 

Remotee Particle Counting Sensor), which uses a principle based on light blockage. 

Becausee of the high light absorbing character of carbon, it was impossible to use the 

countedd amount of particles as input for the bubble coverage calculation. A linear 

relationn between the carbon concentration and the amount of counted particles was 

required.. This was found if the particles larger than 12 (j.m are counted. From Met One 

particlee counter results the carbon concentration is calculated. The particle counter is 

alsoo used to investigate the particle size distribution before and after flotation. 

Fromm the carbon concentration, the amount of particles per bubble is calculated. When 

aa monolayer coverage is assumed, the bubble coverage can be calculated from the 

amountt of adhered particles. Because of the non-spherical nature of the particles and 

thee less dense packing of the particles compared to a packed bed a void fraction e of 

0.488 is used. 
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Variouss mixtures of ethanol in water (0-17.5 v/v%) have been used to investigate the 

effectt of surface tension on the adhesion behaviour. The surface tension of the 

mixturess is measured by using the capillary rise method. 

3.3.23.3.2 Materials and Preparation 

AA steam activated peat based carbon, SX1G, supplied by Norit NV (Amersfoort, The 

Netherlands)) is used for the experiments. The mean particle diameter is measured with 

aa Coulter Counter (20 |im). The density of the activated carbon (pores filled with gas) 

iss obtained from picno measurement using water (824 kg m" ). 

3.44 Results and discussion 

3.4.11 Bubble pick up 

Particlee to bubble adhesion experiments under stagnant conditions are performed using 

thee bubble pick up (BPU) experiments. The procedure is described by Vinke et al. 

(1991).. We have used different gases (N2, H2, Ar, and He) to investigate the effect of 

thee gas phase on particle to bubble adhesion. Vinke used Pd/C catalyst (Fluka) instead 

off  plain carbon. From the bubble pick up a bubble coverage angle a is obtained. Using 

aa the bubble coverage £ can be calculated as: 

?? = 0.5(1 -cos(öf)) (3.4) 

Thee results of these experiments and the results of Vinke et al. (1991) are given in 

Tablee 3.1. The data in this table clearly show the difference between adhesion in the 

presencee of reactive gases, like H2 and air, and inert gases like N2, Ar, and He. The use 

off  hydrogen results in an increased bubble coverage with respect of the inert gases, 

whereass the use of air results in a decrease of the bubble coverage. 
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Gas s 

H2 2 

N2 2 

He e 

Ar r 

Ai r r 

a ( ° ) f o rSX lG G 

180 0 

8 8 

117+7 7 

7 7 

a(°) ) 
forr 10wt% Pd/C (Vinke (1991)) 

180 0 

102+8 8 

TableTable 3.1. The results of BPU-experiments using various gases in water. 

Thee bubble pick up experiments are also performed with a number of water-ethanol 

solutionss to establish the impact of surface tension. The results of these experiments 

aree given in Figure 3.4, illustrating that the difference between hydrogen en nitrogen 

bubbless is only observed at high surface tensions, i.e. in pure water. 
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FigureFigure 3.4. Bubble coverage as a function of surface tension. The results of BPU of SX1G 

withh N2 (A) and H2 . 

Inn Chapter 2 we showed that carbon particles tend to agglomerate in water (See also 

Figuree 3.5). This agglomeration behaviour is found as well under the stagnant 

conditionss in the bubble pick up equipment. The agglomeration tendency is larger for 

liquidss with high gas-liquid surface tensions (water) than for liquids with a lower gas 

liquidd surface tensions (ethanol-water mixtures), resulting in equal BPU bubble 

coveragee results for nitrogen and hydrogen experiments at lower surface tensions. 
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44  10 urn 

FigureFigure 3.5. Light microscope picture of an SX1G agglomerate. SX1G particles in water. 

Thee tendency to form agglomerates is also affected by the presence of hydrogen gas. 

Underr stagnant (BPU) conditions and in water, the particles adhering to nitrogen-

bubbless show a high degree of agglomeration resulting in beard formation (Figure 

3.6a).. At lower surface tensions in presence of nitrogen and for all surface tensions in 

presencee of hydrogen this agglomeration tendency is less (Figure 3.6b). The influence 

off  the gas phase probably arises from adsorption of the gas phase on the carbon 

surface,, affecting the particle-particle interaction as also reported by Rietema (1991). 

needlee needle 

bubblee m \ ^^-bubble 

adheredd carbon - adhered carbon 

FigureFigure 3.6a. Schematic representation of a Figure 3.6b. Schematic representation of a 

N22 bubble covered by carbon particles in the H2 bubble covered by carbon particles in the 

BPUU in water. BPU. 
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Thee adhesion of particles is a function of gravity force Fg, buoyancy force Fbouy, 

capillaryy force Fa, and capillary pressure Fa (Schulze (1984)). The force balance is as 

follows: : 

^ - ^ - ^ + ^ = 00 (3.5) 

Duringg BPU experiments with nitrogen-bubbles at high surface tensions, the gravity 

forcee is higher compared to hydrogen BPU results, because of the agglomeration of 

particles.. Agglomeration obviously tends to reduce the bubble coverage angle a, but 

mayy lead to an increased total particle loading. At lower surface tension less 

agglomerationn occurs, resulting in similar results for nitrogen and hydrogen. 

3.4.22 Flotation 

Thee results of the flotation experiments with nitrogen and hydrogen gas at various gas 

liquidd surface tensions are given in Figure 3.7. These results clearly show that under 

non-stagnantt conditions no difference between the bubble coverage of nitrogen and 

hydrogenn bubbles is observed. This results from the fact that under non-stagnant 

conditionss multilayer adhesion (beard formation) is absent or at least reduced. 
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FigureFigure 3.7. Bubble coverage as a function of surface tension. Results of flotation of SX1G 

withh N2 ) and H2 . 
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Figuress 3.8a and 3.8b show a comparison between the results obtained by BPU and 

Flotationn experiments. If the results of flotation are compared with the results obtained 

withh the BPU, there is only a significant difference at high surface tension (in water) 

forr nitrogen results (Figure 3.8a). 
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FigureFigure 3.8a. Bubble coverage as a function of Figure 3.8b. Bubble coverage as a function of 

surfacee tension. A comparison of SX1G BPU surface tension. A comparison of SX1G BPU 

(A)) and flotation ) with N2. (A) and flotation ) with H2. 

Ass mentioned before, it is very important to investigate whether the flotation column is 

representativee for experiments under turbulent conditions in a stirred tank reactor, in 

spitee of the fact that the flotation column operates under laminar conditions. As shown 

inn Figure 3.1 the flotation probability under turbulent conditions increases with 

decreasingg particle size and under laminar conditions the flotation probability 

decreasess with decreasing particle size. This is caused by the differences in collision 

probabilityy under turbulent and laminar conditions. Because of the increasing flotation 

probabilityy with decreasing particle size, after flotation a shift of the particle size 

distributionn to lower particle sizes is expected. 
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Figuree 3.9 shows a SEM picture of the particle prior to flotation, while Figure 3.10 

showss the measured particle size distributions before and after flotation. 

0.5 5 

7-100 10-12 12-15 15-20 20-25 >25 
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FigureFigure 3.10. Number fraction as function of particle diameter for SX1G in water measured 

withh a Met-One particle counter. : before flotation, : after flotation. 

Figuree 3.10 clearly shows that after flotation the particle size distribution indeed shifts 

too lower values compared to before flotation. This shift to lower particle sizes suggests 

thatt the coverage L, of the bubbles in the modified Hallimond tube is no function of the 

collisionn probability, but only of the adhesion probability. In this case, the collision 

probabilityy in the flotation column becomes representative for the collision probability 

inn a stirred slurry reactor. A difference between adhesion in the flotation column and 

inn a slurry reactor is still expected because of the impact of hydrodynamics on 

adhesionn probability. 
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Bothh flotation and bubble pick up experiments were used to verify the results obtained 

byy modelling the results of the hydrogenation of methyl acrylate under mass transfer 

limitedd conditions in presence of adhering particles. The result of the modelling work 

iss shown Chapter 2. From this modelling a bubble coverage C, of 20 % at a surface 

tensionn of 45 mN m"1 is obtained. This value for the bubble coverage is also found 

usingg the flotation column and the BPU equipment as can be seen in Figure 3.7 and 

Figuree 3.8. 

3.55 Conclusions 

AA modified flotation column was developed to study the particle to bubble adhesion 

underr non-stagnant conditions. When the bubble coverage measured in this way is 

incorporatedd in the mass transfer enhancement model described in Chapter 2, the 

resultss are in good agreement with the mass transfer enhancement of the 

hydrogenationn of methyl acrylate in a stirred tank reactor. 

Inn addition to the flotation column also the BPU (bubble pick up) equipment can be 

usedd to measure and predict the particle to bubble adhesion in a three phase reactor. 

Thee results obtained with the bubble pick up equipment suggest that agglomeration 

playss an important role for adhesion under stagnant conditions at high surface 

tensions.. This behaviour is affected by the gas phase, which is likely caused by an 

effectt on the particle-particle interaction. For the BPU experiments agglomeration wil l 

resultt in an underestimation of the bubble coverage. 
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3.66 Nomenclature 

dpp particle diameter, m 

dbb bubble diameter, m 

EE enhancement factor, -

Paa adhesion probability, -

Pcc collision probability, -

Pdd detachment probability, -

Pff  flotation probability, -

Ree Reynolds number base on bubble size pubdb/r|,

t44 induction time, s 

ubb bubble velocity, m s"1 

GreekGreek symbols 

aa bubble coverage angle, ° 

yyss catalyst concentration, kg m" 

££ void fraction, -

££ bubble coverage, -

r\r\  viscosity of the liquid, Pa s 

66 three phase contact angle, rad 

pp density of the liquid, kg m"3 

ppgg density of particles, pores filled with gas, kg nv 

aL VV liquid-vapour surface tension, N m~' 

36 6 



ChapterChapter 3 

3.77 References 

Drzymala,, J., "Characterization of materials by Hallimond tube flotation. Part 1: 

maximumm size of entrained particles", Int. J. Miner. Process., 42, 139 (1994) 

Matis,, K.A., Flotation science and engineering, Marcel Dekker, Ine, 1995, ISBN 0-

8247-9264-5,, page 83 

Rietema,, K., The dynamics of fine powders, Elsevier, 1991, ISBN 1-85166-594-3, 

pagee 237 

Roizard,, C, S. Poncin, F. Lapicque, X. Py, and N. Midoux, "Behavior of fine 

particless in the vicinity of a gas bubble in a stagnant and a moving fluid", Chem. Eng. 

Set,Set, 54, 2317 (1999) 

Schulze,, H.J., Physico-chemical Elementary Processes in Flotation, Elsevier, 1984, 

ISBNN 0-444-99643-5 

Vinke,, H., P.J. Hamersma, and J.M.H. Fortuin, "Particle-to-bubble adhesion in 

gas/liquid/solidd slurries", AIChEJ., 37, 1801 (1991) 

Yoon,, R. -H., "Microbubble flotation", Minerals engineering, 6, 619 (1993) 

37 7 



38 8 



4 4 
Characterisationn of the hydrophobicity of activated carbon 

particles s 

Abstract t 

Manyy industrial catalytic reactions use catalyst particles based on hydrophobic 

activatedd carbon. Chapter 2 showed that using hydrophobic catalyst particles, instead 

off  hydrophilic catalyst particles, resulted in an enhancement of the G-L mass transfer 

rate.. This enhancement is affected by the bubble coverage in the reactor, which can be 

determinedd experimentally by bubble pick up or flotation experiments. The bubble 

coveragee is dependent on the hydrophobicity of the catalyst particles. Accordingly it is 

off  interest to determine the hydrophobicity of the catalyst particles. 

Inn this chapter the results concerning the hydrophobicity obtained with the flotation 

column,, bubble pick up equipment, FTIR, sedimentation method, and Washburn 

methodd will be described. The hydrophobicity results will be compared with the 

resultss obtained by Heinen et al. (2000). 
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4.11 Introductio n 

Threee phase slurry reactors are widely used in chemical and biochemical industries. 

Activatedd carbon supported catalyst particles are abundantly used for a considerable 

numberr of reactions in the industrial catalytic processes. These catalysts are dispersed 

inn the liquid phase, where, as shown in Chapter 2, repulsive interaction forces between 

thee liquid phase and the carbon particles lead to segregation of the particles from the 

liquidd phase, resulting in agglomeration of the particles and/or adhesion of particles to 

thee gas bubbles. The occurrence of adhesion for aqueous solutions and hydrophobic 

activatedd carbon particles has been demonstrated experimentally (Vinke et al. (1991), 

Chapterr 2, and 3). 

Thee results described in Chapter 2 showed that adhesion of particles to bubbles affects 

thee mass transfer rate resulting in an enhancement of the conversion rate for a mass 

transferr limited reaction. For this reason, the characterisation of the hydrophobic or 

hydrophilicc nature of the activated carbons is important for industrial practice. 

Thee hydrophobicity of a catalyst can be described, for example, by the amount of 

oxygenn containing groups at the surface (Gutierrez-Rodriguez et al. (1984)), the three 

phasee contact angle or the ratio between absorbed toluene and absorbed water, also 

denotedd as Hydrophobicity Index (HI) (Heinen et al. (2000)). The amount of oxygen 

containingg groups can in principle be determined by FTIR (Vinke et al. (1994)), the 

threee phase contact angle by the Washburn method (Heertjes et al. (1967)) or by the 

sedimentationn method (Vargha-Butler et al. (1985)). The hydrophobicity index can be 

determinedd using the Weitkamp method (Weitkamp et al. (1993)). 

Thee bubble coverage by particles is a function of the hydrophobicity. Therefore, 

bubblee coverage experiments can also be used to determine the ranking of 

hydrophobicityy of different particles. The bubble coverage can be measured under 

stagnantt or non-stagnant conditions. The bubble coverage of particles under stagnant 

conditionss using bubble pick up experiments is described by Vinke et al. (1991). 

Flotationn experiments can be used for measuring the bubble coverage under non-

stagnantt conditions. In flotation literature the Hallimond tube, or a modified version, is 
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oftenn used for laboratory scale flotation experiments (Drzymala (1994), Nguyen et al. 

(1998),, Chapter 3). 

Inn this Chapter, a comparison between the different hydrophobicity measurements wil l 

bee made, and the application of bubble coverage measurements for determining the 

hydrophobicityy evaluated. 

4.1.14.1.1 Bubble pick up and flotation theory 

Bothh the Bubble Pick Up (BPU) and the flotation experiments are used to measure the 

coveragee of the bubbles C,. During Bubble Pick Up (BPU) experiments, a projection of 

aa bubble covered with particles is made. A schematic representation of this projection 

iss given in Figure 4.1. 

FigureFigure 4.1. Schematic representation of a gas bubbled covered by adhering particles, oc is the 

bubblee coverage angle and C, the fraction of the bubble covered by particles. 

Fromm this projection the bubble coverage angle a is obtained. From the angle the 

bubblee coverage C, can be calculated by the following equation: 

CC =0.5(1 -cos(a)) (4.1) 

Forr both bubble coverage measurements the bubble coverage is a function of gravity 

forcee Fg, buoyancy force Fb, capillary force Fa, and capillary pressure Fa (Schulze 

1984).. The force balance is as follows: 
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Fz-FFz-Fhh-F-Faa+F+F aa=0=0 (4.2) 

Inn this case the effective weight force (Fg-Fb) is proportional to Rp
3, The capillary 

pressuree FG is proportional to Rp
2, and the capillary force Fa is proportional to Rp. Only 

thee capillary force is a function of the three phase contact angle, and thus of the 

hydrophobicityy of the particles. 

4.22 Experimental 

4.2.14.2.1 Carbons used and preparation methods 

Forr the experiments described in this Chapter, two types of activated carbon are used. 

SX1GG carbon is a steam activated peat based carbon (Norit NV (Amersfoort, The 

Netherlands)).. The SX1G carbon is oxidised with nitric acid by refluxing for 45 

minutess in 200 ml 65% nitric acid to obtain a more hydrophilic carbon. After filtration 

thee carbon is washed six times with water and dried at 80°C overnight. This type of 

carbonn wil l be denoted as SXIG-HNO3. Further a y-alumina is used. The properties of 

thee particles are given in Table 4.1. Particle diameter is measured with a Coulter 

Counter,, density is measured using picno equipment. 

SX1G G 

SXIG-HNO3 3 

A1203 3 

dpp (urn) 

20 0 

18 8 

30 0 

PP! ! ; (kgnï3) ) 

824 4 

807 7 

1938 8 

TableTable 4.1. Physical properties of the materials used 

4.2.24.2.2 Particle to bubble adhesion under non-stagnant conditions: Flotation 

InIn flotation literature a laboratorium scale flotation column, for instance a Hallimond 

tubee (Drzymala (1994)), is used. The flotation research is mainly focussed on the 

investigationn of the particle-bubble collision probability. In order to investigate the 

effectt of hydrophobicity on the adhesion of carbon particles on gas bubble, it is 

importantt to use a column in which the adhesion is determined by the hydrophobicity 
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andd not by, for instance, particle to bubble collision probability. Therefore, a flotation 

column,, which is a modified Hallimond tube, is used as described in Chapter 3 (Figure 

4.2). . 

collector r Gass out 

sample e 

gas s 

gass in 

slurry y 

FigureFigure 4.2. Schematic representation of the flotation column. 

Thee flotation column has a length of 30 cm and a diameter of 2.5 cm. For the 

experimentss 2 g of a sample is dispersed in 40 ml of a solution of 0-17.5 v/v% ethanol 

inn water. The column is filled with the same solutions. Both the column and the 

samplee slurry are saturated with N2-gas for 10 minutes. Both the slurry (0.3 ml/min) 

andd the bubbles of 1 mm diameter (20 min"1) are pumped into the column. The 

particless adhering to the bubbles are collected in the collector. To the content of the 

collectorr compartment water is added until a total volume of 250 ml is reached. 

Subsequently,, the particle concentration is measured by using a Met One particle 

counterr (PCX Remote Particle Counting Sensor), which uses a principle based on light 

blockage.. The bubble coverage can be calculated from the particle concentration 

assumingg monolayer coverage of the bubbles (Chapter 3). 

4.2.34.2.3 Particle to bubble adhesion under stagnant conditions: BPU 

Forr the bubble pick up (BPU) experiments, the procedure described by Vinke et al. 

(1991b)) is followed. Nitrogen is used as the gas phase. The same water-ethanol 
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solutionss as for the flotation experiments are applied. From the measured coverage 

angle,, the bubble coverage fraction can be calculated by equation 4.1. 

4.2.44.2.4 Three phase contact angle measurements using the capillary rise method: 

Washburn Washburn 

Forr the Washburn experiments, a Kriiss processor tensiometer K12 is used. Glass 

samplee tubes with a glass filter are filled with 1 gram of carbon. An electronic balance 

measuress the mass of the sample as a function of time. The same water-ethanol 

solutionss as for the flotation experiments are applied. 

Inn the Washburn experiments, the liquid penetrates into a packed bed of powder as 

demonstratedd in Figure 4.3. For the theoretical description of this penetration, the 

particlee bed is assumed to be composed of solid with parallel capillaries with constant 

radiuss (Heertjes et al. (1967). 

Liquidd height / 

FigureFigure 4.3. Schematic representation of a Washburn measure cell. 

Underr laminar flow conditions the following equation can be used to describe the 

penetrationn of the liquid in time: 

II 22 =—2aL Vcos (d )t (4.3) ) 

Inn case of measuring the mass of the sample as a function of time the following 

equationn is used: 
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22 Cp, <7LVcosO 
mm = — t (4.4) 

n n 

Inn which C = V-K^r^n]. In reality the capillaries are randomly shaped, therefore the 

constantt K is introduced. The constant C can be determined experimentally using a 

liquidd which completely wets the surface (9 = 0). Hexane is used for this purpose. 

4.2.55 Three phase contact angle measurements using the sedimentation method 

Thee three phase contact angle is a function of the gas-liquid surface tension oLG, gas-

solidd surface tension GSG, and solid-liquid surface tension O~SL and can be described by 

thee Young equation (Schulze (1984)). 

aaLGLGcos{e)cos{e) = GSG-GSL (4.5) 

Neumannn (1974) showed that the solid-liquid surface tension cSL can be calculated if 

thee gas-liquid surface tension GLG and the gas-solid surface GSG tension are known by 

thee following empirical equation: 

__ _(Vö~-V^/ „ „ 
GGSLSL ~ -—„ / (4-6) 

\-K^O\-K^OSGSG-G-GLG LG 

Thiss equation can only be used if the values of surface tension are given in N m . K is 

aa constant with a value of 0.015 m N"1. 

Vargha-Butlerr (1985) proposed the sedimentation volume method to obtain the gas-

solidd surface tension aSo- This method is based on the principle that the free energy of 

cohesionn Fcoh between particles is zero if oL G = öSG- If particles form agglomerates at 

finitee values of Fcoh, agglomeration wil l be suppressed if Fcoh = 0. This wil l result in a 

minimumm of the sedimentation volume. If no agglomeration occurs at finite values of 
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Fcoh,, the close packing wil l be less at Fcoh = 0. This wil l result in a maximum of the 

sedimentationn volume of the particles. 

Forr the sedimentation method both types of carbons are dispersed in water-ethanol 

mixtures.. About 0.18 gram of carbon is weighted into centrifugal cups. Subsequently 

155 drops of water-ethanol mixtures are added. The slurries are mixed for 3 minutes by 

aa vortex mixer. After 24 hours the slurries are transferred to tubes with 6.5 mm inner 

diameter.. The corresponding liquid is added to the slurry until the tubes are full. 

Subsequentlyy they are closed and again mixed for another 3 minutes. After 3 days the 

heightt of the interface between sediment and liquid is measured. Besides the volume, 

alsoo the initial sedimentation time to reach a height of about 20 mm for the SX1G and 

155 mm for the SXIG-HNO3 is measured. 

4.2.54.2.5 FTIR 

FTIRR experiments are performed using a Biorad FTS 45A spectrometer. For the 

experimentss the carbon particles are mixed with pentane and brushed on a KBR-tablet. 

Thee spectra are averaged from 256 scans and corrected for a curved baseline. After 

thiss baseline correction, the area of the peaks at 1580 cm"1 and 1780 cm"1 are 

calculated.. The ratio of the area of the peak at 1580 cm"1 (bulk aromatics groups) and 

thee peak at 1700 cm"1 (carboxylic groups) indicates the relative amount of carboxylic 

groups.. This ratio is a measure for the hydrophobicity of the carbon (Vinke et al. 

(1994)). . 

4.33 Results and discussion 

4.3.14.3.1 Characterisation of the carbons 

Figuree 4.4 shows SEM pictures of the carbon particles before and after treatment with 

nitricc acid. These pictures clearly show that the SX1G contains both amorphous 

carbonn and graphite parts. After HNO3 treatment the amorphous part has disappeared. 
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SXX 1G particle distribution SX1G carbon surface 

SX1G-HN033 particle distribution SX 1G-HNO3 carbon surface 

FigureFigure 4.4. SEM pictures of the SX1G and SXIG-HNO3. 

4.3.24.3.2 Three phase contact angle measurements, FTIR data and hydrophobicity index 

4.3.2.14.3.2.1 Three phase contact angle measurements: Washburn 

Thee results of the Washburn experiments are given in Figures 4.5a and 4.5b. Both 

graphss demonstrate that for the activated carbons the mass uptake (m) squared versus 

timee is not linear, as it should (equation 4.4). Ayala et al. (1987) suggests that S-shape 

curvess of the squared mass uptake versus time for liquid mixtures are caused by 

selectivee adsorption of one of the components. This is not a plausible explanation for 

thesee results because the use of pure water also results in an S-shape curve. For these 

experimentss this S-shape is probably caused by the particle-size distribution of the 

samplee and by the non-uniform packing of the packed bed. Comparison of the results 

iss only possible under the assumption that the bed packing is equal. 
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2000 400 
t (s) ) 

600 0 

FigureFigure 4.5a. Sample mass versus time for 

Washburnn experiments in water 

(GL GG = 72 raN m"1). 

,, duplo results for SX1G, , duplo results 

forSXlG-HN03 3 

2000 400 
t(s) ) 

600 0 

FigureFigure 4.5b. Sample mass versus time for 

Washburnn experiments in 5% ethanol in 

waterr (aLG = 57 mN m"1). 

.. duplo results for SX1G, , duplo results 

forr SXIG-HNO3 

Too obtain a measure for three phase contact angle 0 the slope at the steepest part of the 

graphh is taken. This slope is equal to C p!2 oL V cos(G) rf1 (equation 4.4). In Figure 4.6, 

thee markers at 18.4 mN m"1 are the results of the experiments with hexane. 

$ $ 
o o 
f** 1 O O 

r . . A A 

0.O22 0.04 0.06 

OLVV (N m"1) 

0.08 8 

FigureFigure 4.6. Ccos(0) for two types of activated carbons versus surface tension. The liquid 

phasee is a water-ethanol mixture. 

:: SXIG-HNO3, A: SX1G 
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Thee results in this figure show lower values of Ccos(6) for the hexane system 

comparedd to water-ethanol system. Hexane is supposed to show complete wettability, 

i.e.. is supposed to result in a higher Ccos(O) value. This suggest that the carbon 

particless behave different in organic than in non-organic liquids. The difference can be 

explainedd by the observation that carbon particles show different vapour-solid surface 

tensionss in organic and non-organic liquids (Vargha-Butler et al. (1989)). Therefore, 

hexanee is not suitable to determine the constant C. Because of the same macroscopic 

structuree of the SX1G and SXIG-HNO3 (Figure 4.4), no significant difference in the 

constantt C is expected. Ccos(6) as a function of surface tension aLV is used to 

comparee the hydrophobicity of these two carbons (Figure 4.6). As demonstrated by 

Figuree 4.6, SX1G gives lower Ccos(0) values than SXIG-HNO3. Assuming an equal 

constantt C this result suggests that SX1G has a higher three phase contact angle 9 

valuess than SX1G, in other words SX1G is more hydrophobic than SXIG-HNO3. 

4.3.2.24.3.2.2 Three phase contact angle measurements: Sedimentation method 

Thee results of the sedimentation experiments give an indication of the gas-solid 

surfacee tension. These measurements showed that for SX1G particles in a liquid with 

GLGG = 36.7 mN m"1 the slurry-liquid interface faster decreases to a height of 20 mm 

thann in liquids with other gas-liquid surface tensions (30 seconds instead of 3 minutes). 

Moreover,, a minimum in the sedimentation volume, measured after 3 days, is found at 

aLGG = 36.7 mN m"1 (Figure 4.7). The experiments with SXIG-HNO3 showed a 

maximumm in the sedimentation volume, measured after 3 days, at higher surface 

tensions,, viz. between GLG = 42.2 mN m"1 and GLG = 38.9 mN m"1 (Figure 4.7). The 

initiall  sedimentation time for these two samples was also higher than those of the other 

samples.. The slurry-liquid interface in these two tubes reaches a height of 15 mm after 

100 minutes, instead of 3 minutes. 

49 9 



ChapterChapter 4 
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"EE 0,55 
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0,45 5 

0,40 0 

35 5 

FigureFigure 4.7. The sedimentation volume of activated carbon particles as a function of the gas-

liquidd surface tension. The used liquids are water-ethanol mixtures. 

f§§ : SX1G, : SXIG-HNO3 

Forr the more hydrophobic SX1G particles a minimum in the sedimentation volume is 

found,, while for the more hydrophilic SXIG-HNO3 particles a maximum in the 

sedimentationn volume is found. These observed maximum and minimum in 

sedimentationn volume as a function of the gas-liquid surface tension are in agreement 

withh the theory described by Vargha-Butler (1985). They suggested that the free 

energyy of cohesion Fcoh between particles is zero if GLG = crSG. If particles form 

agglomerates,, thus for hydrophobic particles, at finite values of Fcoh, agglomeration 

wil ll  be suppressed if Fcoh = 0. This wil l result in a minimum of the sedimentation 

volume.. If no agglomeration occurs, thus for more hydrophilic particles, at finite 

valuess of Fcoh, the close packing will be less at Fcoh = 0. This wil l result in a maximum 

off  the sedimentation volume of the particles. At this maximum and minimum the gas-

liquidd surface tension aLG is equal to the gas-solid surface tension oSG. Accordingly, it 

cann be concluded that the gas-solid surface tensions of SX1G and SXIG-HNO3 are 

36.77 mN m" and 40 mN m~' respectively. 

400 45 

OLGG (m Nm"1) 

50 0 

50 0 
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0"LG=733 raNm'1 

D D 

& & & 

,, -v -

OLGG = 43 mN m"1 aLG = 42 mN m 

FigureFigure 4.8. Microscopic images (125x200 um) of Pd/C slurry for different methyl acrylate 

concentration,, i.e. for different gas-liquid surface tensions, O~LG-

Agglomerationn occurs in water (aL G = 72 mN m"1) and water-methyl acrylate mixture 

(GL GG = 45 mN m"1), as shown in Figure 4.8 and Chapter 2. In liquids with a aLG of 

aboutt 43 mN m" the degree of agglomeration decreases. This corresponds with the 

observedd minimum in the sedimentation volume as a function of the surface tension. 

Lightt microscope experiments shows that SXIG-HNO3 in water agglomerates less 

pronouncedd compared to SX1G. This might explain the maximum in the sedimentation 

volume. . 

4.3.2.34.3.2.3 FTIR 

Thee results obtained by FTIR experiments are given in Figure 4.9. In these 

experimentss we are especially interested in the peaks at 1580 cm"1 and at 1700 cm"1. 
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F/gwree 4.9. Infra Red spectra for SX1G (—) and SX1G-HN03 (—). 

Thee area of the peak at 1580 cm"' is a measure of the amount of bulk graphite rings 

andd the area of the peak at 1700 cm"1 is a measure of the amount of carboxylic groups 

att the carbon surface (Vinke et al. (1994)). Therefore, the ratio of these two areas is a 

measuree of the hydrophobicity of the carbon. The ratios are given in Table 4.2. 

SX1G G 

SXIG-HNO3 3 

Ai7oo/Ai58oo (FTIR) 

0.404 4 

0.518 8 

HI I 

(Weitkamp) ) 

26.2 2 

9.9 9 

GSGG (mN m"1) 

36.7 7 

40 0 

C-cos(G)) (m5) 

1.1-10"" " 

1.8-10'" " 

TableTable 4.2. Results of the different hydrophobicity measurements. 

Tablee 4.2 also shows the C-cos(8) obtained with the Washburn experiments with 

water,, and the hydrophobicity index (HI) obtained with the Weitkamp method 

(Weitkampp et al. (1993)). The Weitkamp results are taken from Heinen et al. (2000) 

forr exactly the same carbon batches as used for this work. The two carbons exhibit a 

significantt difference in HI. The same differences are found using FTIR, the 

sedimentationn method and the Washburn method. From Table 4.2 it can be concluded 

thatt all described hydrophobicity measurement methods indicate that SX1G is more 

hydrophobicc than SXIG-HNO3. 

19000 1700 1500 

reciprocall wavelength (cm1 ) 
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4.3.34.3.3 Flotation and BPU 

Ass shown by equation (4.1), the bubble coverage C, is a function of both the particle 

diameterr and the hydrophobicity of the particles. To describe the hydrophobicity, the 

particlee size distribution must be known. Therefore, the particle size distributions 

beforee and after flotation for the SX1G and SXIG-HNO3 are measured. These results 

aree given in Figure 4.1 Oa and 4.1 Ob. 

7-100 10-12 12-15 15-20 20-25 
dpp range (urn) 

>25 5 
7-100 10-12 12-15 15-20 20-25 >25 

dpp range (Jim) 

FigureFigure 4.10a. Number based particle size Figure 4.10b. Number based particle size 

distributionn for SX1G. distribution for SXIG-HNO3. 

:: before flotation, : as a result of flotation : before flotation, : as a result of flotation 

Figuree 4.10 clearly shows that after flotation the average particle diameter shifts to 

lowerr values. It also shows that the mean particle diameter after flotation of 

SXIG-HNO33 (13 nm) is smaller than the mean diameter after flotation of SX1G 

(188 |J,m). Of hydrophobic particles larger particle can adhere than of more hydrophilic 

particless because of the force balance (equation (4.2)). Therefore, the ratio of the 

amountt of particles between 7-10 jxm before and after flotation may be used as a 

measuree of the hydrophobicity. 

Thee results of the flotation and bubble pick up experiment are given in Figure 4.11. 

Thiss figure shows no difference in bubble coverage between SX1G and SXIG-F1NO3. 

Withh increasing contact angle, i.e. with increasing hydrophobicity of the particle 

surface,, the capillary force increases. 
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FigureFigure 4.11. Bubble coverage C, versus liquid gas surface tension GLG for flotation and bubble 

pickk up experiments. 

 SX1G flotation  SXIG-HNO3 flotation  SX1G bubble pick up 203 flotation 

Becausee of the force balance, either a higher bubble coverage or larger adhering 

particless should be found in the flotation and BPU experiments. The large particle 

diameterr of the adhered hydrophobic particles (SX1G) compared to hydrophilic 

particless is demonstrated in Figure 4.10. The ratio between the counted amount of 

particless between 7-10 \xm before and after flotation for SX1G is 0.89 and for SX1G-

HNO33 0.71, indicating that SX1G is more hydrophobic than SXIG-HNO3. To 

summarise,, all methods - i.e. flotation, FTIR, Washburn and Weitkamp- indicate that 

SX1GG is more hydrophobic then SXIG-HNO3. 

4.44 Conclusions 

Thee Washburn method is a very easy method to measure hydrophobicity of particles. 

However,, for small carbon particles with a wide particle size distribution, the 

penetrationn of liquid results in an S-shape curve. Therefore, the results can not be 

describedd by the Washburn equation. Because of the different vapour-solid surface 

tensionss of activated carbons in different types of liquids (Vargha-Butler et al. (1989)), 

resultingg in different three phase contact angles, the constant C can not be determined. 

I.e.. the Washburn method can not be used to determine the three phase contact angle 

forr the used activated carbons. 
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Thee sedimentation method introduced by Vargha-Butler et al. (1985) is a very 

powerfull  method to determine the gas-solid surface tension and thereby the three 

phasee contact angle. 

Thee results obtained with FTIR, Weitkamp, sedimentation method, and flotation 

experimentss all indicate that indeed the SX1G is more hydrophobic than SXIG-HNO3, 

inn agreement with Heinen et al, (2000). This shows that all these methods can be used 

iff  a qualitative measure for the hydrophobicity is required. 

Thee ultimate purpose of the hydrophobicity measurements was to predict the adhesion 

behaviourr in a three phase slurry reactor. The results obtained with the flotation 

columnn show no significant difference in bubble coverage between SX1G and SX1G-

HNO3.. These results suggest that no significant difference in G-L mass transfer rate is 

expectedd if catalysts, based on these two carbons, are used under mass transfer rate 

limitedd conditions. 
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4.55 Nomenclature 

CC constant in equation 4.2, m 

dpp particle diameter, m 

Faa capillary force, N 

Fbb buoyancy force, N 

Fcohh cohesive force, N 

Fgg gravity force, N 

FGG capillary pressure, N 

KK correction factor for randomly shaped capillaries instead of parallel capillaries, -

11 capillary rising height, m 

mm mass of penetrated liquid, kg 

ncc number of capillaries, -

rr capillary radius, m 

Rpp particle radius, m 

GreekGreek symbols 

aa bubble coverage angle, ° 

C,C, bubble coverage, -

r\r\  viscosity of the liquid, Pa s 

00 three phase contact angle, rad 

ppgg density of particles, pores filled with gas, kg m 

p!!  liquid density, kg m" 

<JLGG liquid-gas surface tension, N m"1 

oSLL solid-liquid surface tension, N m ' 

GSGG gas-solid surface tension, N m" 
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Thee impact of hydrophobic activated carbon particles on 

thee hydrodynamics of aqueous slurry bubble columns* 

Abstract t 

Thee hydrodynamics of three phase bubble columns is affected by the presence of 

particless in the liquid phase. This is commonly attributed to a change in the apparent 

viscosityy and density of the slurry phase. Besides these commonly known effects, the 

columnn hydrodynamics may also be affected by adhesion of particles to the gas 

bubbles.. As shown by Vinke, et al. (1991) and in Chapter 2, activated carbon particles 

mayy easily adhere to gas bubbles in aqueous slurries. The impact of adhesion on the 

hydrodynamicss may be attributable to an effect on the bubble coalescence. The 

adhesionn behaviour depends on the hydrophobicity of the solid particles and 

consequentlyy the impact on the bubble coalescence is related to this parameter as well. 

AA possible explanation for the impact of hydrophobicity is that hydrophobic particles 

wil ll  penetrate into the bubble-liquid interface resulting in an easier rupture of the 

liquidd film between two gas bubbles, causing an easier coalescence between bubbles. 

*M .. van der Zon, M. Lapar, P.J. Hamersma, A. Bliek, submitted for Chem. Eng. Sci. 
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5.11 Introductio n 

Slurryy bubble columns are widely used in chemical industry. Nevertheless, the impact 

off  catalyst particles present in the liquid phase on the overall hydrodynamics is not 

welll  understood. This matter has been subject of research by, for instance Bukur et al. 

(1990),, Gavroy et al. (1995), Ghandhi et al. (1999), Krishna et al. (1997), Saxena et 

al.al. (1992), Tsutsumi et al. (1999), and Yasunishi et al. (1986). The research described 

inn their articles is performed using glass, sand, or silica particles as solid phase. The 

impactt of solid particles on the gas holdup and the bubble size distribution is generally 

attributedd to parameters like the apparent viscosity or apparent density of the slurry. 

Accordingg to theory the gas holdup should decrease with an increasing solid 

concentrationn due to the resulting higher apparent viscosity and density. However, in 

contrastt to this theory, the results reported by Tsutsumi et al. (1999) shows no effect. 

Furthermore,, a literature review, presented by Banisi et al. (1995), shows that an 

increasee of the gas holdup with increasing catalyst concentration can be found if very 

loww concentrations (< 0.6 v/v%) and very small particles (< 10|Xm), or very large 

particless (> 2000 ^im) and high concentrations (> 10 v/v%) are used. 

Thee impact of solid segregation, as apparent in particle agglomeration and particle to 

bubblee adhesion is generally neglected in the literature. Exception to this is the study 

off  Banisi et al. (1995). These authors used both silica (hydrophilic) and carbon 

(hydrophobic)) particles for their investigations. It was demonstrated that the nature of 

thee solids affects the gas holdup: the holdup in presence of 15 v/v% carbon is lower 

thann in presence of 15% silica. The difference can obviously not be attributed to 

differencess in the apparent viscosity or apparent density. This suggests that another 

phenomenonn is to be held responsible for the changed hydrodynamics in a slurry 

bubblee column, like adhesion of particles to the gas bubbles. For hydrophobic 

activatedd carbon particles in water, earlier work of described in Chapter 2 and 

publishedd by Vinke (1991) revealed that such particles may indeed easily adhere to 

bubbles.. This adhesion behaviour is affected by the hydrophobicity of the particles. 

Itt is generally accepted that bubble coalescence occurs in three steps (Chaudari and 

Hofmann,, (1994)). Initially a film between two bubbles is formed. Secondly thinning 
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off  this film occurs and thirdly the film may rupture at a critical thickness. The last step 

mayy be affected by the presence of particles in the film layer. 

Ass wil l be demonstrated, the impact of adhering particles on the slurry-bubble-column 

hydrodynamicss may be substantial. In this study, the impact of the hydrophobicity of 

activatedd carbon on the gas holdup, as a measure for the hydrodynamics in a three 

phasee reactor, is investigated. Two types of carbon are used, differing in 

hydrophobicity. . 

5.22 Experimental 

5.2.15.2.1 Materials and Preparation 

AA steam activated peat based carbon, SX1G, supplied by Norit NV (Amersfoort, The 

Netherlands)) is used for the experiments. The SX1G carbon is oxidised with nitric acid 

too obtain a more hydrophilic activated carbon. For this treatment the carbon is refluxed 

forr 45 minutes in 200 ml 65 % nitric acid. Subsequently it is filtered and washed six 

timess with water and dried at 80 °C over night. This carbon wil l be denoted as SX1G-

HN03. . 

5.2.25.2.2 Characterisation 

Thee results presented in Chapter 4 and results presented by Heinen et al. (2000) 

showedd that the amount of carboxylic sites on the surface is a measure for the 

hydrophobicityy of activated carbons. Therefore, FTIR is used to characterise the 

activatedd carbons. In this way a signal for the carboxylic groups (at 1700 cm" ) and a 

signall  for the bulk aromatic groups (1580 cm"1) is obtained (Vinke, et al, (1994)). The 

ratioo between the areas of both signals, so A1700/A1580 is a measure for the 

concentrationn of acidic groups, and thus a measure for the hydrophobicity. The 

infraredd spectra were recorded with a Biorad FTS 45A spectrometer. FTIR is carried 

outt by dispersing the activated carbon particles in pentane and subsequently brushed 

onn a KBr-tablet. The obtained spectra are based on 256 scans and are corrected using a 

curvedd baseline. 
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SEMM analysis is used to investigate the macroscopic structure of the activated carbon 

particles.. The equipment used is a Philips XL30 FEG. 

5.2.3.5.2.3. Holdup measurements 

Holdupp experiments are performed in a cylindrical bubble (3-D) column of 0.15 m 

diameterr and a height of 4 m and in a two dimensional (2-D) slit-column, with a width 

off  0.3 m, a depth of 0.005 m and a height of 2 m. All experiments are carried out at 

roomm temperature and atmospheric pressure. The gas (air) inlet in both columns 

consistss of a P00 glass filter. The superficial gas velocity vsg is varied between 0 and 

0 .1ms".. After changing the gas flow, a wait time of 10 minutes is required before 

steadyy state is reached. In the 3-D bubble column, the pressure at different heights (0.6 

andd 1 m) is used to calculate the holdup. The gas holdup can be calculated from the 

timee average pressure difference. In the 2-D slit-column the holdup was determined by 

measuringg the liquid height with and without gas flowing trough the column. In both 

columns,, experiments are performed using activated carbon loadings varying between 

00 and 6 v/v% in water. 

5.3.45.3.4 Bubble size distribution measurements 

Thee average bubble size distribution is obtained by high speed video recording of the 

hydrodynamicc behaviour in the 2-D slit-column as described by de Swart et al. (1996). 

Thee camera is placed at a column height of 0.75 m. The image analysis is performed 

usingg SCIL-image, a commercial image analysis software program. To measure 

bubblee size distributions in absence of carbon, it is important to obtain contrast 

betweenn the bubbles and liquid. Therefore, 0.25 v/v% activated carbon was added to 

thee water. This resulted in a grey coloured liquid. It was verified that the addition of 

0.255 v/v% had no influence on the column hydrodynamics compared to water. 

5.33 Theory 

AA Two Bubble Class hydrodynamic model was introduced by Shetty et al. (1992). 

Thesee authors assume that small bubbles follow the flow regime of the liquid in the 

column,, where as large bubbles are transported in a plug flow through the column. The 
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smalll  bubbles together with the liquid phase are denoted as the dense phase, while the 

largee bubbles are called the dilute phase. Krishna and Ellenberger (1996) proposed 

equationn (5.1) to describe the dilute phase gas holdup £\, for gas liquid bubble columns 

ass a function of superficial gas velocity vsg, the dense phase gas velocity vdf, and the 

columnn diameter DT. The parameters a2 (-), N (-), and b (-) are empirical constants. 

11 1 

DDTT (Vse-V*/)' 
ii vvssgg-v-vdfdfff

55 (5.1) 

Krishnaa and Ellenberger (1996) showed that 

1)) the dense phase gas velocity is equal to the gas velocity at which the transition 

fromm homogeneous to heterogeneous flow takes place (v<jf = vtrans). 

2)) the gas holdup in the dense phase is equal to the gas holdup at the transition point 

(edff  = etrans)-

Furthermore,, they validated that the equations of Reilly et al. (1994) describe the gas 

velocityy and the gas holdup at the transition point best. 

VV trans ~  ̂ small,O^transV ~ ^Irans ) (5.2) 

ff 0.96 
(1.55 \"g 0.12 e _ = 0 . 5 9 i r j ^ - < r ""  (5.3) 

.0.12 2 uussmamaii.oii.o -— "TooT*7 (5.4) 
AA Ps 

Usmaii,oo is the rise velocity of the small bubbles in liquid. A and B are constants. The 

valuee of these constants are: A = 2.84 and B = 3.85 (Krishna and Ellenberger (1996)) 

iff  the gas and liquid densities p are given in kg m"3 and the surface tension o in N m'1. 

Thee total gas holdup e can be calculated by the following equation: 
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== (l £ £ df df (5.5) ) 

Thee presence of particles can influence the gas holdup in a bubble column 

significantly.. This may be due to either a change in the apparent viscosity of the slurry, 

orr a change in the apparent density, or to adhesion of particles. 

Krishnaa et al. (1997) showed that equations (5.1-5.5) may be used for gas-liquid-solid 

bubblee columns as well, provided that additional equations for the rise velocity of the 

smalll  bubbles, and of the dense phase gas holdup as a function of the particle 

concentrationn are used (equations (5.6) and (5.7)). These latter equations describe the 

contributionn of the apparent viscosity and apparent density. 

U.smallU.small ~ Usmall.0 

'' 0.8 ^ 
11 + V. V. small.O small.O 

(5.6) ) 

££dfdf  Ed/,0 
''  0.7 ^ 

11 £ 
'df,Q 'df,Q 

(5.7) ) 

Forr the derivation of these equations, Krishna et al. used non-adhering silica particle, 

thee impact of adhesion is not well accounted for. 

5.44 Results 

5.4.15.4.1 Gas holdup experiments 

Holdupp experiments are carried out using two activated carbons (SX1G and 

SXIG-HNO3).. The carbons differ notably in hydrophobicity (Table 5.1 and Figure 

5.1)) as indicated by FTIR analysis. 
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<dp>(|im)) SBEtCmg"1) ppg(kgm"3) A170o/A, 580 0 

SX1G G 

SXIG-HNOJ J 

20 0 

18 8 

999 9 

918 8 

824 4 

807 7 

0.404 4 

0.518 8 

TableTable 5.1. Physical properties of the activated carbon particles. 
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FigureFigure 5.1. FTIR spectra of SX1G (—) and SXIG-HNO3 ( ) activated carbon particles. 

Thee FTIR band intensities at 1700 cm"1 and 1580 cm"1 are used to characterise the 

carbonn hydrophobicity. The A17oo/A158o ratio of the SXIG-HNO3 is higher than the 

ratioo for SX1G, indicating that the nitric acid treatment decreases the hydrophobicity 

off  the activated carbon, while the other properties are not changed significantly. 

Manyy authors (Banisi et al. (1995), Krishna et al. (1997), Yasunishi et al. (1986)) 

reportt that in a three phase bubble column the gas holdup decreases with increasing 

concentrationss of particles. 
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FigureFigure 5.2. The total air holdup as a function of the superficial gas velocity vsg in the 3-D 

columnn for activated carbon concentrations in water. 

:: 0 v/v%, : 3 v/v%, : 4 v/v%, * : 5 v/v% -: 6 v/v%. 

Closedd bullets (left): SX1G, Open bullets (right): SX1G-HNO.,. 

Thee decrease of gas holdup with increasing particle concentration is found for both 

typess of activated carbon particles as can be seen in Figure 5.2. Up to a carbon 

concentrationn of 1 v/v% no significant effect of the activated carbon particles is 

observed,, in accordance with data from Gavroy et al. (1995). 

Figuree 5.3 shows the holdup results for both the 3-D column and the 2-D slit-column 

usingg water, 6 v/v% SX1G, and 6v/v% SX1G-HN03 respectively. It clearly 

demonstratess that, in both columns, a significant difference exists between the gas 

holdupp of SX1G and SXIG-HNO3 particles. In spite of the qualitative difference, Fig 

5.33 shows that the 2-D slit-column is quantitatively representative for the 3-D column. 

Figuree 5.3 also demonstrate the theoretical predictions, based on equations (5.1-5.7), 

forr the gas holdup in case of an air-water system and an air-water-6 v/v% particles 

system. . 
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FigureFigure 5.3. The total air gas holdup as a function of the superficial gas velocity (vsg) in 3-D 

andd 2-D column in water. : gas holdup in 0 v/v% carbon : Gas holdup in 6 v/v% SX1G 

slurryy : Gas holdup in 6 v/v% SXIG-HNO3 slurry. Closed bullets: 2-D slit-column, Open 

bullets:: 3-D column. — Gas holdup in water calculated with equations (5.1-5.5), — Gas 

holdupp in a 6 v/v% slurry calculated with equations (5.1-5.7). a2 = 0.268, N = 0.524, b = 0.22. 

AA significant difference between the measured gas holdup in presence of activated 

carbonn and the gas holdup predicted by the model presented by Krishna et al. (1997) is 

foundd (Figure 5.3). The difference between model and experimental result implies that 

adhesionn of particles is an important parameters for hydrodynamics in a bubble 

column.. This means that equations (5.6) and (5.7) can not be used to describe the 

hydrodynamicss in a column if adhering particles are present. 

5.4.25.4.2 Bubble coalescence 

Experimentss in a 2-D slit-column were used to assess the bubble size distributions, 

usingg high-speed video imaging. The results for various catalyst concentrations are 

givenn in Figures 5.4, 5.5, and 5.6, showing a large decrease in the amount of small 

bubbless with increasing catalyst concentration. Because of the large fraction of small 

bubbless (< 5 mm) found for air-water systems, only the bubbles larger than 5 mm are 

analysed. . 

r
A £ A A A A A A A A 

A A 

0,025 5 0,05 5 

vSgg (m s 1 ) 

0,075 5 0,1 1 
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FigureFigure 5.4. Six successive frames in time of air bubbles in 0.25 v/v% SX1G in water recorded 

withh 40 ms interval. The frame width is 0.3 m, vsg= 0.1 m/s. 

FigureFigure 5.5. Six successive frames in time of air bubbles in 3 v/v% SX1G in water recorded 

withh 40 ms interval. The frame width is 0.3 m, vsg = 0.1 m/s. 
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FigureFigure 5.6. Six successive frames in time of air bubbles in 6 v/v% SX1G in water recorded 

withh 40 ms interval. The frame width is 0.3 m, vsg = 0.1 m/s. 

Figuress 5.4, 5.5 and 5.6 also demonstrate the coalescence behaviour of the bubbles. As 

illustratedd in Figure 5.4 (water-air system) a liquid layer between interacting bubbles is 

presentt at low activated carbon concentrations. This layer remains stable until the 

coalescencee of the bubbles occurs. In presence of 3 v/v% activated carbon (Figure 

5.5),, film rupture occurs faster compared to the pure water-air system. The liquid layer 

betweenn interacting bubbles disappears quicker for higher solids concentration (6 v/v% 

SX1G)) (See Figure 5.6). This indicates that particles do indeed affect the film rupture. 

Withh increasing catalyst concentration the film thinning is faster, or the critical film 

thicknesss increases. Both phenomena would result in an easier coalescence between 

twoo bubbles. 
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FigureFigure 5.7. Contribution of specific bubble size classes to the total air holdup of bubbles with 

aa diameter exceeding 5 mm at vsg = 0.1 m s"'. . 0.25 v/v% SX1G in water, , 3 v/v% SX1G 

inn water , 6 v/v% SX1G in water. 

Figuree 5.7 gives the results of image analysis of the video frames and shows that for 

increasingg particle concentration the contribution of the smallest analysed bubbles (5-

100 mm) decreases and the contribution of the largest analysed bubbles (> 40 mm) to 

thee gas holdup increases. This is also qualitatively observable from the frame 

sequencess given Figures 5.4, 5.5, and 5.6. 

Byy comparing the results obtained with 6 v/v% SX1G (Figure 5.6) and 6 v/v% 

SXIG-HNO33 (Figure 5.8), it can be concluded that more small bubbles and a more 

stablee liquid film are found in presence of less hydrophobic SX1G-FTN03 particles. 

Thiss corresponds with the results presented in Figure 5.3: the gas holdup in the 3-D 

columnn for 6 v/v% SX1G is significantly smaller than the gas holdup for 6 v/v% 

SXIG-HNO3.. Because of the small amount of bubbles smaller than 5 mm, all bubbles 

aree counted using SCIL-image. 
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FigureFigure 5.8. Six successive frames in time with of air bubbles In 6 v/v% SXIG-HNO3 in water 

recordedd with 40 ms interval. The frame width is 0.3 m, vsg = 0.1 m/s. 

Thee difference in bubble size distribution for the SX1G and SX1G-HN03, based on 

imagee analysis, are shown in Figure 5.9. As can be observed in this figure, the 

contributionn of small bubbles in presence SX1G particles is smaller compared to the 

contributionn of small bubbles in presence of SXIG-HNO3. The opposite holds for the 

contributionn of large bubbles. As demonstrated in Figure 5.10, the difference in bubble 

sizee distribution is mainly caused by a larger absolute amount of smaller bubbles for 

SXIG-F1NO33 (< 5 mm) and an about equal amount of visible parts of larger bubbles 

(>> 10 mm). 
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FigureFigure 5.9. The contribution of different bubble size classes to the total air holdup at 

vsgg = 0.1 m s'. . 6 v/v% SX1G in water, , 6 v/v% SXIG-HNO3 in water. 
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FigureFigure 5.10. Gas holdup for different bubble size classes at vsg = 0.1 m s" . Bubbles smaller 

thann 5 mm: left picture (db class 0.1 mm around x value). Bubbles larger than 25 mm right 

picturee (db class 5 mm around x value). , 6 v/v% SX1G in water, * , 6 v/v% SXIG-HNO3 in 

water. . 

Whenn the video frames of the movies of 6 v/v% SX1G and SXIG-HNO3 are examined 

inn more detail, adhesion of activated carbon particles on the bubbles is observable 

(Figuree 5.11). Especially for SXIG-carbon a large part of the bubbles are covered with 

carbonn particles. The covered parts of the bubbles are not detectable using SCIL-image 

analysis,, resulting in underestimation of the bubble size. The bubble coverage of the 
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largerr bubbles is higher. Because the coverage of the bubbles by particles is more 

pronouncedd in presence of SX1G than for SXIG-HNO3, the underestimation of large 

bubbless in the air-water SX1G system is largest. This means that the difference in 

bubblee size distribution as shown in Figure 5.9 is even larger. 

FigureFigure 5.11a. Video frame of 6 v/v% SX1G Figure 5.11b. Video frame of 6 v/v% 

inn water. vsg = 0.1 m s'. SXIG-HNO3 in water. vsg = 0.1 m s~'. 

Ass demonstrated by Figures 5.6, 5.8, 5.9, 5.10, and 5.11, a treatment of activated 

carbonn with nitric acid leads to an increase in the gas holdup, as compared to the 

untreatedd carbon. This is caused by an influence on the bubble coalescence: in 

presencee of SX1G particles the liquid layer is less stable than in presence of 

SXIG-HNO33 particles. An effect of adhering particles on the bubble coalescence can 

eitherr be caused by the roughness of the macroscopic surface of the particles, or by the 

hydrophobicityy of the particles. For rough particles, the bubble surface is easily 

ruptured,, causing coalescence. Accordingly, surface roughness may affect the 

coalescencee behaviour. If the particles are hydrophobic, they wil l penetrate into bubble 

surface.. The penetration depth is a function of the three phase contact angle. 

Penetrationn of the particles can either affect the film thinning velocity or the rupture of 

thee film. If the particles are less hydrophobic, the three phase contact angle is lower, as 

comparedd to more hydrophobic particles, consequently a lower penetration depth of 

thee hydrophobic particles into the gas phase wil l be found (Figure 5.12). 
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gass bubble 

FigureFigure 5.12. Schematic representation of the penetration of a particle into a gas bubble. The 

forcess are described in Chapter 4. 

Ass a result of the decreased penetration depth, a more stable layer between two 

bubbless can exist. In addition agglomeration of adhering particles can influence the 

coalescencee behaviour. More hydrophobic particles have a stronger tendency to form 

agglomerates,, resulting in an increase of the effective particle diameter. If such 

agglomeratess are present in the film, the film will  be easier ruptured. 

FigureFigure 5.13a. SEM picture of SX1G particle. Figure 5.13b. SEM picture of SXIG-HNO, 

particle. . 

SEMM pictures of the carbon particles are shown in Figure 5.13, demonstrating that 

nitricc acid treatment does not really changes the macroscopic roughness of particles. 

Therefore,, the difference in bubble coalescence is not easily explained by a difference 
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inn particle roughness. The impact of acid treatment on the hydrophobic nature of 

carbonn forms an alternative, more plausible, explanation for its impact on penetration 

depth,, and thereby on the coalescence behaviour. 

5.55 Conclusions 

Itt is well known that the presence of particles has an impact on the hydrodynamics in a 

slurryy bubble column by changing the apparent viscosity and density of the slurry 

phase.. This work shows that the hydrophobicity of the particles also appears to be 

important.. The results presented demonstrate that the presence of hydrophobic 

particless results in a decrease of the gas holdup compared to a gas-liquid system. This 

iss contributed to the influence of the particles on the coalescence behaviour of the 

bubbles.. When the expected gas holdup is corrected for the impact of the presence of 

carbonn particles on the apparent slurry density and viscosity using the equations of 

Krishnaa et al. (1997), still a net effect remains. The net effect is attributed to the 

hydrophobicc nature of the activated carbon particles, leading to adhesion of the 

particless on the gas-liquid interface. The adhesion of particles in turn results in 

enhancedd bubble coalescence, and significantly changes in the total gas holdup in the 

slurryy bubble column may arise. 

AA plausible explanation for the change in coalescence behaviour in presence of 

adheringg particles might be the impact on the film rupture. The liquid film between to 

gass bubbles is ruptured earlier in a gas-liquid-adhering particle system compared to the 

gas-liquid-nonn adhering particles system. This is caused by the fact that in case of 

moree hydrophobic particles the three phase contact angle, 0, is larger, resulting in a 

deeperr penetration into the bubble. A deeper penetration accelerates the rupture of the 

film.. Alternatively, more hydrophobic particles form larger agglomerates, which still 

mayy adhere to the bubbles. Larger particles in the gas-liquid film may also accelerate 

filmm rupture. This might explain the impact of hydrophobicity on the holdup, and 

thereby,, on the hydrodynamics of a three phase reactor. 
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5.66 Nomenclature 

A A 

b b 

B B 

4 4 
Ipen n 

DT T 

Fa a 

Fb b 

Fg g 

Fa a 

N N 

V sg g 

V df f 

^trans s 

Usmall l 

Usmall.0 0 

constantt in equation (5.4), not dimensionless 

constantt in equation (5.1), -

constantt in equation (5.3), not dimensionless 

bubblee diameter, m 

penetrationn depth, m 

columnn diameter, m 

capillaryy force, N 

buoyancyy force, N 

gravityy force, N 

capillaryy pressure, N 

constantt in equation (5.1), -

overalll  superficial gas velocity, m s" 

superficiall  gas velocity of gas through the dense phase, m s"1 

superficiall  gas velocity at the regime transition, m s" 

risee velocity of small bubbles, m s"1 

riserise velocity of small bubbles at zero solids concentrations, m s 

GreekGreek symbols 

0C22 constant in equation (5.1),-

EE total gas holdup, -

£bb gas holdup of the dilute phase, -

edff  holdup of gas in dense phase, -

Edf,oo holdup of gas in dense phase in two phase system (G-L), -

£jj  holdup of gas of bubble size class i, -

Eiargee holdup of bubbles larger than 5 mm, obtained by image analysis, -

ess solids holdup, -

Etott total gas holdup, obtained by image analysis, -

£transs gas holdup at the regime transition, -

00 three phase contact angle, rad 
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pgg density of the gas phase, kg m 

P]]  density of the liquid phase, kg m" 

aa surface tension of the liquid phase, N m' 
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6 6 
Multiple-particl ee adhesion of hydrophobic carbons to 

bubbless in aqueous media: theory and experiments 

Abstract t 

Masss transfer limitation often occurs in industrial slurry reactors. Earlier research 

showedd that enhancement of the conversion rate of reaction in aqueous slurries is 

observedd if activated carbon particles, which tend to adhere to gas bubbles, are used as 

catalystt support material instead of non-adhering alumina particles. The enhancement 

off  the conversion rate in presence of adhering particles can be described by the 

enhancementt model (Chapter 2) and is a function of the bubble coverage. 

Laboratoriumm scale flotation experiments are very well suited to predict the bubble 

coverage,, as shown in Chapter 3 and 4. In this chapter a bubble coverage model is 

developedd and validated using the results of flotation experiments. This model can 

predictt whether adhesion of catalyst particles, and thus mass transfer enhancement, in 

aa slurry reactor can be expected. 
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6.11 Introductio n 

AA large amount of industrial slurry reactors in fine chemistry operate under mass 

transferr rate limited conditions. The stirrer speed, the type of catalyst, and the liquid 

propertiess can affect the conversion rate in these reactors. If the reaction takes place in 

ann aqueous medium, the hydrophobicity of the catalyst support may affect the G-L 

masss transfer and the overall column hydrodynamics, as shown in Chapter 2 and 

Chapterr 5. The hydrophobicity of the support will result in segregation of the catalyst 

particles,, either by adhesion to the gas bubbles and/or by agglomeration. The effective 

catalystt particle diameter will increase because of agglomeration. Consequently the 

specificc external catalyst area decreases, the conversion rate will decrease. 

Agglomerationn also affects the adhesion behaviour: the use of larger particles will 

resultt in lower bubble coverages than the use of smaller particles. On the other hand, 

adheredd catalyst particles will be present at the gas-liquid interface. Consequently, the 

effectivee film layer thickness decreases. This may lead to an increased G-L mass 

transferr rate. In Chapter 2, an enhancement model is presented to calculate the 

enhancementt of the conversion rate as a function of the catalyst concentration. For this 

model,, three variables have to be determined experimentally: 

-- A critical catalyst concentration, below which the collision probability between a 

bubblee and a particle is very close to zero: no adhesion occurs. 

-- A collision probability constant, necessary to describe the collision probability as a 

functionn of the catalyst concentration. 

-- The maximum possible bubble coverage, which can be reached if the catalyst 

concentrationn is high enough. This bubble coverage depends on the hydrodynamics 

inn the reactor, the bubble size and catalyst properties, such as particle diameter and 

hydrophobicity. . 

Mostt of the industrial reactors operate at catalyst concentrations where the maximum 

possiblee bubble coverage under the operating conditions can be obtained. In this 

Chapterr a model to obtain realistic values of the maximum possible bubble coverage 

ass a function of the involved physical properties will be introduced. 
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6.22 Theory development on adhesion behaviour 

6.2.16.2.1 Bubble coverage Model 

Adhesionn phenomena of particles to bubbles in three phase systems are relevant to 

bothh chemical reactors and flotation columns. Earlier theoretical work on these 

phenomenaa was carried out by Schulze et al. (1984, 1988), who described adhesion for 

singlee particles based on a force balance between gravitation force Fg, the static 

buoyancyy force Fb, the capillary force Fa and the capillary pressure in the gas bubble 

Fa--

gass bubble 

FigureFigure 6.1. Schematic representation of particle to bubble adhesion. 

Later,, Vinke (1991) extended this approach to multi-particle mono-layer adhesion 

basedd on strings of particles next to each other. The force balance for a single particle 

adheringg to a gas bubble can be expressed in terms of the following identity equations. 

FFgg-F-Fbb-F-Faa+F+F aa=0=0 (6.1) 

Inn which: 

FFaa = 27rr0aLG sin(<p0) = 2nRp sin(ft>)sin(<j!>0) (6.2) 
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2(7, , 
FFaa=nR=nR22

ppsmsm22{(D\—^-2p,R{(D\—^-2p,Rbbg g 
RL RL 

(6.3) ) 

F=%nRlpF=%nRlpplplg g (6.4) ) 

FFbb = X JtRlp,g((l - cos(«))2 (2 + cos(ft)))) (6.5) ) 

Inn case of multiple-particle, mono-layer adhesion (Figure 6.2), the maximum bubble 

coveragee is limited by the tangential component of the gravity force on the lowest 

bottomm particle by all other adhering particles. As the resulting force downwards on 

thee lowest particle increases with increasing bubble coverage angle a, the bottom 

particlee may, at a certain bubble coverage, detach from the bubble. At this point the 

maximumm bubble coverage is reached. 

tangential l 
lateral l 

FigureFigure 6.2. Schematic representation of the vector decomposition of the gravitational force to 

obtainn the resulting forces on the lowest particle. 

Inn contrast to the particle-string based approach of Vinke (1991), in this work the 

gravityy force and buoyancy force for a two dimensional layer of particles is assumed to 

bee a continuum with an effective density of the volume fraction particles es times the 

densityy of the particles pp]. For the gravity force, the thickness of the layer equals the 

particlee diameter (h = 2Rp), while for the buoyancy force the thickness equals 
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hh = (l+cos(7i-co))Rp, because a correction is required to account for the penetration of 

thee particles (Figure 6.1). The case for a two dimensional coverage of particles to a 

bubblee is depicted in Figure 6.3. 

FigureFigure 6.3. Schematic representation of the angles used for the modelling of Fg and Ft,. 

Inn the calculations of the particle layer is considered as a large amount of small 

elementss (dr-dx). 

Forr the gravity force on one element (drdx), the following equation is used: 

FF
gg=\\=\\ ees-Ps-PPPiShdxdr iShdxdr (6.6) ) 

drr and dx can be transferred to spherical co-ordinates by: 

sin n {\da){\da) = 
\dr_ \dr_ 

R~» R~» 
(6.7) ) 

m{\d\\f)-m{\d\\f)-
dx dx 

sin n (6.8) ) 

daa and d\|/ are very small, therefore sinjda = jda and sin \ d\j/ = \ dy can be 

assumed,, r is the radius of the bubble at point a: r = Rb sin a . Substitution in equation 

(6.6)) results in the following expression. 

FFgg = jjes pplg-2RpRBsin{a)dy/ RBda (6.9) ) 
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Too calculate the force on an adjacent element vector decomposition is used. The result 

forr the tangential force is: 

FF = * vsin(a) (6 io) 

Becausee of a very small da, cos(da) is equal to 1. Therefore, equation (6.10) can be 

rewrittenn as: 

FFgg__rr =Fgsm{a) (6.11) 

Byy substitution of equation (6.9) in equation (6.11) equation (6.12) is obtained: 

aa In 

FFgg__rr=jje=jje ssppplplg-2Rg-2RppRR22
BBsmsm22(a)dy/da(a)dy/da ( 6.12) 

00 0 

Integrationn results in the gravitational force on the lowest particle: 

FFgg=e=ess-p-pprprg'2-Rg'2-Rpp-R-R22
BB-7r-(sin(a)cos(a)+a)-7r-(sin(a)cos(a)+a) (6.13) 

Thee buoyancy force is derived in the same way. In this case h=(l+cos(7C-co))Rp is 

used,, which results in equation (6.14). 

FFhh = £splg(l-cos(o)RpR
2
B-7t(sin(a)cos{a)+a) (6.14) 

Thee penetration depth angle co is related to the three phase contact angle 9. Schulze 

(1989)) found the following empirical relation for the penetration angle in degrees ood: 

ö>„== (180°-0 .950,) (6.15) 

Thee angle cp0 used in equation (6.2), is related to co and 0: 
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(p(p00=CO=CO + 0-7T (6.16) 

Thee fraction of the bubble covered by particles ^ is related to the bubble coverage 

anglee a by 

? == 0.5(1-cos(a)) (6.17) 

Thee above mentioned equations can be used to predict the bubble coverage when the 

threee phase contact angle 6 is known. To this end, the Young equation may be used 

(Schulze(1984)). . 

aaLGLGcos(6)cos(6) = aSG-<JSL (6.18) 

Neumannn (1974) showed that the solid-liquid surface tension CJSL can be calculated 

usingg the following empirical equation if the gas-liquid surface tension aLG and the 

gas-solidd surface OSG tension are known: 

<*SL<*SL = . „ / (6.19) 
\-K^o\-K^oSGSGooLG LG 

Thiss equation can only be used if the values of surface tension are given in N m l. K is 

aa constant with a value of 0.015 m N~\ 

Finally,, the maximum bubble coverage can be calculated using the force balance 

(equationn (6.1)) on the basis of known system parameters such as the three phase 

contactt angle 0, the particle and the bubble radii, the gas-liquid surface tension aLG, 

andd the liquid and solid densities. The obtained bubble coverage can be used to predict 

thee mass transfer enhancement factor utilising the model described in Chapter 2. 
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6.33 Experimental 

6.3.16.3.1 Materials and Preparation 

AA steam activated peat based carbon, SX1G, supplied by Norit NV (Amersfoort, The 

Netherlands)) is used for the experiments. The SX1G carbon is oxidised with nitric acid 

too obtain a more hydrophilic activated carbon. For this treatment the carbon is refluxed 

forr 45 minutes in 200 ml 65 % nitric acid. Subsequently it is filtrated, washed six times 

withh water, and dried at 80 °C for 1 night. This carbon wil l be designated as 

SXIG-HNO3.. The BET surface area of the particles is analysed by N2 physisorption. 

Thee particle diameter distribution is obtained with a Coulter Counter. The 

hydrophobicityy of the particles is determined using FTIR-method as described in 

Chapterr 4. With this method the ratio between the peak area of the carboxylic groups 

(att 1700 cm"1) and the peak area of the bulk aromatic groups (at 1580 cm"1) is obtained 

(A17oo/Ai58o)-- The FTIR experiments are carried out in a Biorad FTS-45A. The 

particless are milled, mixed with pentane and subsequently brushed on a KBr tablet. 

Thee spectra are averaged from 256 scans and corrected for a curved baseline. The 

valuess of the physical properties are given in Table 6.1. SEM pictures of both type of 

particless are obtained with a Philips XL30 FEG (Figures 6.4 a and b). 

FigureFigure 6.4a. SEM picture of SX1G particle. Figure 6.4b. SEM picture of SXIG-HNO3 

particle. . 
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<dp>> (firn) SBET (m g" ) ppl(kg m"3) A17oo/A158o 
____̂ ^ _ _ ___. _____ 

SXIG-HNO33 18 918 1356 0.518 

TableTable 6.1. Physical properties of the carbon particles. 

6.3.26.3.2 Determination of gas-solid surface tension using the sedimentation method 

Vargha-Butlerr (1985) proposed the sedimentation volume method for determination of 

thee gas-solid surface tension GSG- This method and the results are described in Chapter 

4.. The gas-solid surface tensions of SX1G and SXIG-HNO3 are 36.7 mN m"1 and 

400 mN m"1 respectively. 

6.3.36.3.3 Flotation experiments 

AA modified Hallimond tube is used for the laboratory scale flotation experiments. The 

usedd column has a length of 30 cm and a diameter of 2.5 cm. The column is used as 

describedd in Chapter 3 and 4. 

6.3.46.3.4 Bubble coverage modelling 

Too establish the sensitivity of the bubble coverage on the bubble radius, the particle 

radius,, and the gas solid surface tension, calculations are performed using relevant 

physicall  quantities as indicated in Table 6.2. 

Values s 

MJïnöö " ~~iö~ 
Rbb (mm) 0.5 

ess 0.52 

pLL (kg m"3) 1000 

OsolmNm"1)) 40 

TableTable 6.2. Relevant parameter values used for the determination of the impact of bubble 

diameter,, particle diameter, and gas-solid surface tension. 
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Forr the predictions of the bubble coverage of SX1G and SXIG-HNO3 the relevant 

physicall  quantities represented in Table 6.3 are used. 

Rpp (urn) 

Rbb (mm) 

£s s 

aSGG (mN 

PL(kgg m" 

m1) ) 

3) ) 

SX1G G 

9 9 

0.455 and 0.55 

0.52 2 

36.7 7 

1000 0 

SX1G-HN03 3 

6.5 5 

0.455 and 0.55 

0.52 2 

40 0 

1000 0 

TableTable 6.3. Parameter used for the prediction of the bubble coverage by activated carbon 

particles. . 

6.44 Results and discussion 

6.4.16.4.1 Bubble coverage modelling 

Thee influence of the particle radius, bubble radius and gas-solid surface tension on the 

bubblee coverage are given in Figures 6.5, 6.6 and 6.7. These figures show the results 

usingg the values of the parameters given in Table 6.2, and equations (6.1-6.3 and 6.13-

6.19). . 

Thee impact of the particle diameter on the bubble coverage mainly arises from gravity. 

Iff  the particle diameter increases, the gravity force increases resulting in decreasing 

bubblee coverage. Above a certain critical particle diameter (dependent on the gas 

liquidd surface tension and bubble diameter) adhesion is absent, and thus no mass 

transferr enhancement wil l occur. 
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1.00 0 

0.80 0 

0.60 0 

0.40 0 

0.20 0 

0.00 0 

FigureFigure 6.5. The bubble coverage as a function of the gas-liquid surface tension for various 

particlee radii. The lines are calculated using equations (6.1-6.3 and 6.13-6.19) and parameter 

valuess as presented in Table 6.2. 

— :: particle radius Rp = 8 um 

.... : particle radius Rp = 10 (im 

— :: particle radius Rp = 20 u.m 

Capillaryy pressure, gravity force, and buoyancy force determine the impact of the 

bubblee size on the bubble coverage (Figure 6.6). The net result of the force balance 

(equationn (6.1)) is that the bubble coverage decreases with increasing bubble size. 

Abovee a certain bubble size, the bubble coverage approaches zero. For reactors in 

whichh the value of the bubble size is above the critical bubble size, no enhancement of 

thee mass transfer rate is expected. 

0.077 0.06 0.05 0.04 0.03 

CTLGCTLG (N m"1) 
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0.077 0.06 0.05 0.04 0.03 

CTLGCTLG (N m-1) 

FigureFigure 6.6. The bubble coverage as a function of the gas-liquid surface tension for various 

bubblee radii. The lines are calculated using equations (6.1-6.3 and 6.13-6.19) and parameter 

valuesvalues as presented in Table 6.2. 

Bubblee radius Rb = 0.25 mm 

Bubblee radius Rb = 0.5 mm 

Bubblee radius Rb = 1 mm 

Forr an increasing gas-solid surface tension, the three phase contact angle increases 

resultingg in an increased capillary force Fa. Because of the force balance (equation 

(6.1))) a higher bubble coverage is possible with an increasing three phase contact 

angle.. Above a certain gas-solid surface tension, i.e. for lower hydrophobicity, 

adhesionn is absent. This critical surface tension depends on the values of the other 

parameters,, such as particle diameter and bubble diameter. 
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1.00 0 

0.80 0 

0.60 0 

0.40 0 

0.20 0 

nn nn 

\ \ 

i i 
\ \ 

\ \ 

* * 

LL » 

^ N ^^ V 

0.06 6 

OLGG (N m-1) 

0.04 4 

FigureFigure 6.7. The bubble coverage as a function of the gas-liquid surface tension for various 

gas-solidd surface tensions. The lines are calculated using equations (6.1-6.3 and 6.13-6.19 and 

parameterss values as presented in Table 6.2. 

— :: Gas-solid surface tension OSG = 30 mN m"1 

.... : Gas-solid surface tension 0"SG = 40 mN m"1 

—— : Gas-solid surface tension O"SG = 50 mN m"1 

:: Gas-solid surface tension GSG = 60 mN m"' 

6.4.26.4.2 Comparison between modelling results and flotation experimental results 

Thee bubble coverage £ is plotted versus the value of the surface tension in Figures 6.8 

andd 6.9. The markers represent the results obtained from the flotation experiments. 

Thee average bubble radius in those experiments was 0.5 mm as described in Chapter 4. 

Thee solid lines are drawn according to equations (6.1-6.3 and 6.13-6.19) using 

parameterr values as presented in Table 6.3. For the prediction of the bubble coverage 

forr SX1G and SXIG-FINO3 particles, the gas-solid surface tensions indicated by the 

sedimentationn method (Chapter 4) are used. The corresponding values for the gas-solid 

surfacee tensions of SXIG-HNO3 and SX1G were 40 mN m"1 and 36.7 mN m"1 

respectively. . 
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1,00 0 

0,80 0 

0,60 0 

0,40 0 

0,20 0 

0,00 0 

0,09 9 

FigureFigure 6.8. The bubble coverage with SXIG-HNO3 particles as a function of the gas-liquid 

surfacee tension. The solid lines are the results of the equations (6.1-6.3 and 6.13-6.19) after 

substitutionn of the parameters values as presented in Table 6.3 and GSG = 40 mN m" . 

—— : bubble radius Rb = 0.55 mm 

—— : bubble radius Rb = 0.45 mm 

 : experimental results flotation column, <Rb> = 0.5 mm. 

1,00 0 

0,80 0 

0,60 0 

0,40 0 

0,20 0 

0,00 0 

0,09 9 

FigureFigure 6.9. The bubble coverage with SX1G particles as a function of the gas-liquid surface 

tension.. The solid lines are the results of the equations (6.1-6.3 and 6.13-6.19) after 

substitutionn of the parameters values as presented in Table 6.3 and GSG = 36.7 mN m" . 

:: bubble radius Rb = 0.55 mm 

—— : bubble radius Rb = 0.45 mm 

 : experimental results flotation column, <Rb> = 0.5 mm. 

0,077 0,05 0,03 

OLGG (N m"1) 

0,077 0,05 0,03 

a L GG (N m"1) 

94 4 



ChapterChapter 6 

Thee agreement between the calculated bubble coverage and the measured bubble 

coveragee is fairly good as shown in Figures 6.8 and 6.9. The results also illustrates that 

iff  the SX1G or SX1G-HN03 particles are used as catalyst support material, adhesion 

off  the particles can be expected provided that the gas-liquid surface tension of the 

reactionn media is higher than 60 mN m"1. No adhesion is expected when the gas-liquid 

surfacee tension is below the gas-solid surface tension of the particle used. For these 

twoo activated carbons, adhesion is expected to be absent in reaction media with a gas-

liquidd surface tension below 40 raN m"1. As a result of the adhesion of catalyst 

particless the gas-liquid mass transfer rate can be obtained, resulting in an enhancement 

off  the conversion rate of a mass transfer limited reaction (Chapter 2). 

6.55 Conclusions 

AA new bubble coverage model has been developed which can predict whether 

adhesion,, and thus mass transfer rate enhancement, can be expected for a three phase 

reaction.. Input parameters for this model are the gas-liquid surface tension, gas-solid 

surfacee tension, bubble diameter, particle diameter, particle density, and the liquid 

density.. All of these parameters can be obtained from simple, straight forward, 

experiments.. The results obtained using this model, show that activated carbon based 

particless can adhere to gas bubbles if the gas-liquid surface tension lies above a certain 

valuee and if the particles are small enough. Adhesion results in a negligible bubble 

coveragee for bubbles with a bubble diameter above a certain value. The bubble 

coveragee model is verified by flotation experiments, which demonstrate that the 

developedd model can be used to predict the bubble coverage. When high bubble 

coveragess are predicted, an enhancement of the mass transfer rate, and thus an 

enhancementt of the conversion rate, can be expected. 
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6.66 Nomenclature 

Ajj  area of FTIR peak at reciprocal wavelength i 

Faa capillary force, N 

Fbb buoyancy force, N 

Fgg gravity force, N 

FFaa capillary pressure, N 

gg acceleration due to gravity, m s" 

hh height of the element used for equation (6.6), m 

KK constant in equation (6.19), m N" 

rr dimension of the element used for equation (6.6), m 

r00 radius of gas-solid interface circle, m 

Rbb bubble radius, m 

Rpp particle radius, m 

xx dimension of the element used for equation (6.6), m 

GreekGreek symbols 

aa bubble coverage angle, rad 

(poo angle used in equation (6.2), rad 

00 three phase contact angle, rad 

0dd three phase contact angle, ° 

p(( liquid density, kg m"3 

ppii  density of particle filled with liquid, kg m" 

<3LGG gas-liquid surface tension, N irf 

aSGG gas-solid surface tension, N m" 

aSLL solid-liquid surface tension, N m" 

yy angle in the horizontal plan used to derive equation (6.13) and equation (6.14), 

rad d 

coo penetration depth angle, rad 

codd penetration depth angle, ° 
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Segregationn of carbon supported catalyst particles during 

fructosee hydrogenation in a slurry reactor 

Abstract t 

Chapterr 2 showed that the presence of hydrophobic particles affects the performance 

off  aqueous three phase reactors by their tendency to segregate from the liquid phase, 

eitherr by particle to bubble adhesion or by particle agglomeration. Adhesion of 

catalystt particles may lead to enhanced G-L mass transfer rates as demonstrated in 

Chapterr 2. In this Chapter, it will be shown that mass transfer enhancement also occurs 

att elevated pressure and temperature. Under stagnant conditions adhesion is strongly 

correlatedd to the hydrophobicity of the particle surface. The same holds for laminar 

floww conditions, as in flotation experiments presented in Chapters 3 and 4. Under high 

shearr conditions the shear force tends to reduce the adhesion behaviour of particles to 

bubbles.. An opposing effect is however that the collision probability of particles with 

bubbless increases. Therefore, the net effect remains uncertain. In the present work the 

G-LL mass transfer in a three phase slurry reactor used in fructose hydrogenation is 

analysed,, employing activated carbon based catalyst particles. In this way it has been 

establishedd whether adhesion also plays a role under high shear conditions. 
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7.11 Introductio n 

Inn the industrial production of fine chemicals by hydrogenation, semi-batch slurry 

stirredd tank reactors are often used. Mass transfer of hydrogen to the catalyst can play 

ann important role during the hydrogenation reaction. Earlier research (Chapter 2) 

showedd that for a mass transfer rate limited reaction enhancement of the mass transfer 

rate,, and thus conversion rate, can occur under ambient conditions if activated carbon 

basedd catalyst particles are used instead of alumina based catalyst particles. Many 

researcherss have suggested that enhanced mass transfer rates are related to the 

presencee of catalyst particles in the film layer around a bubble or by adhesion of the 

particless to the bubble (Alper et al. (1980), Holstvoogd et al. (1989), Joly Vuillemin et 

al.al. (1996), Pal et al. (1982), Quicker et al. (1987), Vinke et al. (1991)). In Chapter 2 

ann enhancement model was developed, which describes the enhancement factor E 

(equationn (7.1)) of the conversion rate of a mass transfer rate limited reaction by 

adhesionn as a function of the catalyst particle concentration ys. This model was verified 

byy experimental methyl acrylate hydrogenation results obtained under ambient 

conditionss in an aqueous medium. 

££ = l + £ -f- + — -TT + - - 1 (7.1) 
[k[k LL Ys \MS krr]m) J 

Onee of the important parameters to describe the enhancement E of a mass transfer 

limitedd reaction is the bubble coverage £ (Figure 7.1). The mass transfer to adhering 

particless occurs through the covered part of the bubble, while the mass transfer to the 

particless in the bulk, via the bulk liquid, occurs through the uncovered part of the 

bubblee (<DU). 
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FigureFigure 7.1. Schematic representation of a bubble covered with adhering particles. In this 

figuree <t>u is the mass transfer through the uncovered part of the bubble, Oc is the mass transfer 

throughh the covered part of the bubble and C, is the fraction of the bubble covered by particles. 

Underr stagnant conditions, the gravitational force, buoyancy force, capillary pressure 

andd capillary force determine the bubble coverage. The capillary force is a function of 

thee hydrophobicity of the catalyst particles (Schulze et al. (1984, 1988), Chapter 6). A 

higherr hydrophobicity results in an increased capillary force, and thus in a higher 

bubblee coverage. 

Underr non-stagnant conditions, the bubble coverage is not only governed by the above 

mentionedd forces, but also by the hydrodynamics in the reactor and the collision 

probabilityy between bubbles and particles (Yoon (1993)). The description of the 

bubblee coverage is based on a collision probability between bubbles and particles 

underr turbulent conditions. The obtained equation (equation (7.2)) is based on the 

assumptionn that the collision probability approaches zero below a certain critical 

catalystt concentration ys0 (C, ~ 0) (Chapter 2). 

CC = C a x ( l - ^ ( n " n o ) ) forys>Yso (7.2) 

C,C, = 0 forys<Yso (7.3) 

Inn equation (7.2), ^max represents the maximum bubble coverage, which is observed at 

highh catalyst concentration in the slurry. The maximum bubble coverage ^max is a 

functionn of the hydrophobicity of the catalyst surface, the gas-liquid surface tension, 

andd the hydrodynamics in the reactor. 
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Concurrentt to the tendency of carbon particles to adhere to bubbles as a result of their 

hydrophobicc nature, they also tend to form agglomerates. Agglomeration results in an 

increasingg effective particle diameter and thus in a lower mass transfer rate (Chapter 

2).. Therefore, the adhesion and the agglomeration of particles need to be investigated 

simultaneouslyy to establish the full effect on mass transfer. 

Thee segregation of catalyst particles from the liquid phase is investigated using the 

hydrogenationn of fructose to mannitol and sorbitol as a model reaction (Figure 7.2). 

Rutheniumm on carbon is selected as catalyst, which is known to be an excellent catalyst 

forr this reaction (Wisniak et al. (1979), Dodgson (1993)). Because of the high gas-

liquidd surface tension of the fructose solution (GLG = 72 mN m"1) adhesion of the 

particless can be expected (Chapter 6). 

CH2OHH CH2OH CH2OH 

C=00 HC—OH HO—CH 

HO—CHH H2 (g) HO—CH HO Y Y 
HC—OHH Ru/C(s) HC OH HC—OH 

HC—OHH HC—OH HC—OH 

CH2OHH CH2OH CH2OH 

D-fructosee (1) sorbitol (1) D-mannitol (1) 

FigureFigure 7.2. Hydrogenation of D-fructose to D-mannitol and sorbitol. 

Experimentall  data on the mass transfer limited fructose hydrogenation wil l be 

interpretedd using the model presented in Chapter 2 to obtain values for the maximum 

bubblee coverage ^max in the slurry reactor. The value of the bubble coverage is 

comparedd with the experimentally determined bubble coverage under stagnant 

conditionss and the bubble coverage obtained using the bubble coverage model 

describedd in Chapter 6. 
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1212 Experimental 

7.2.11 Catalyst preparation 

Al ll  carbon based catalyst particles are prepared based on SX1G activated carbon 

(Norit).. The hydrophobicity of the carbon is varied by different treatments of the 

SX1G.. To obtain a more hydrophilic activated carbon, the SX1G is refluxed in 65% 

HN033 for 45 minutes as described in Chapter 4. This carbon wil l be denoted as 

SXIG-HNO3.. To obtain a more hydrophobic activated carbon, SX1G is treated with 

H22 gas for 5 hours at 673 K to remove oxygen containing groups and wil l be denoted 

ass SXIG-red. For the silica based catalyst particles a Davidson Grace 121 silica is 

employed.. The catalysts used are a 5 wt% Ru/carbon and a 5 wt% Ru/Si02 

respectively.. These are prepared by the incipient wetness impregnation. The precursor 

usedd is RuCl3, which is dissolved in distilled water. Subsequent to impregnation, the 

catalystt particles are dried for 24 hour at 353 K, reduced at 673 K for 2 hour and 

passivatedd at room temperature in a stepwise increased oxygen concentration from 2.5 

too 20% (steps of 2.5%). Reactivation took place in-situ under reaction conditions. 

Rutheniumm dispersion and the metal particle size are determined by CO-chemisorption 

andd transmission electron microscope (TEM) analysis. For CO-chemisorption a 

Sorptomaticc 1990 of CE Instruments is used. The used temperature for CO-

chemisorptionn was 298 K. For TEM analysis, a Philips EM-420, operating at an 

accelerationn voltage of 120 kV is used. The amount of Ruthenium (5 wt%) was 

confirmedd by X-ray fluorescence spectroscopy (XRF) using a Philips PW1480. The 

meann particle diameter is determined using a Coulter Multisizer II . 

7.2.27.2.2 Catalyst and support characterisation 

Hydrophobicityy analysis using FTIR 

FTIRR can be used to investigate the hydrophobicity of the activated carbons and of the 

catalystt based on the activated carbons (Heinen et al. (2000)a). The oxygen containing 

groupss at the carbon surface mainly determines the hydrophobicity of activated 

carbons.. Therefore, a comparison of the peak area of the carboxylic groups 

(17000 cm"1) with the peak area of the bulk aromatic groups (1580 cm"1) is a measure of 
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hydrophobicityy (Vinke et al. (1994)). The particles are milled, mixed with pentane and 

directlyy brushed on a KBr tablet. Subsequently, the catalyst is dried for 1 hour. For the 

FTIRR analysis a Biorad FTS-45A is used, averaging over 256 scans. After baseline 

correction,, the peak areas at 1580 cm"1 and at 1700 cm"1 are calculated. 

Agglomeration n 

Thee agglomeration behaviour of the activated carbon based catalyst particles is 

investigatedd using light microscopy. To this end 0.5 kg m~3 catalyst particles are 

dispersedd in a fructose solution of 80 mol m" . A drop of each slurry is examined at an 

enlargementt of 40 using a Olympus BH-2 microscope. 

Bubblee coverage of carbons and silica 

Bubblee Pick Up (BPU) experiments are used to investigate the bubble coverage C, 

underr stagnant conditions (Vinke et al (1991)). Nitrogen is used as gas phase. Water 

iss used as liquid phase because of the similar surface tension of water and 80 mol m"3 

fructosee solution (<7LG = 72 mN m"1). 

7.237.23 Fructose hydrogenation 

Fructosee hydrogenation experiments are carried out at 373 K, using a 0.5 L autoclave 

off  Medimex (Figure 7.3). This autoclave is designed according to a standard geometry 

(Forresterr (1984)). A ring around the stirrer substitutes the baffles to obtain better 

mixing.. At a stirrer speed of 500 rpm, the reaction is mass transfer limited for both the 

carbonn based and the silica based catalyst. This is verified by changing the stirring 

speedd from 1450 to 400 rpm, demonstrating the impact of stirring on the conversion 

ratee and hence of mass transfer resistances. Al l further experiments were done at 

stirringg velocities of 500 rpm. Pure hydrogen is used as gas phase. A 1 ml sample of 

thee reaction mixture is taken every minute for analysis of the fructose, glucose and 

mannitoll  concentration. Total reaction time was varied between 15 and 40 minutes. 
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stirrer r 

sample e ra ra 
© © 

coolingg 10 
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heater r 
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£pi i Gass in 

Pressuree control 

FigureFigure 7.3. Schematic representation of the 0.5 L Medimex autoclave. 

Thee samples were analysed using a Waters HPLC 600 equipped with a Biorad Aminex 

HPXX 87H column. The reactor operating conditions are given in Table 7.1. 

Parameters s 

Liquidd volume 

Catalystt concentration 

Fructosee concentration 

Stirringg speed 

Temperature e 

Pressure e 

Value e 

0.355 L 

0.05-11 kg m"3 

800 mol m"3 

5000 rpm 

3733 K 

lObar r 

TableTable 7.1. Reaction conditions. 

Thee parameters relevant in the mass transfer model are: the hydrogen concentration at 

thee film side of the gas-liquid interface C*, the mass transfer coefficients ks and kLS, 

thee particle density ppg and the particle diameter dp Values of these parameters are 

givenn in Table 7.2. 
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Parameter r 

C* * 

ks s 

kLs s 

^ ^ 

PPg g 

Value e 

7,3588 mol m~3 

l,91.10"3ms"' ' 

3,82.10"3ms"' ' 

20.10"6m m 

9022 kg m"3 

TableTable 7.2. Values of parameters used to describe mass transfer for fructose hydrogenation 

(Chapterr 2). 

7.33 Results and discussion 

7.3.17.3.1 Catalyst and support characterisation 

FTIR R 

Thee FTIR experimental results are used to verify whether the used carbon hydrogen 

andd nitric acid treatments indeed result in a change of hydrophobicity. The 

measurementss resulted in peak area ratios between peaks representing the carboxylic 

groupss (1700 cm"1) and the bulk aromatic groups (1580 cm"1). This ratio is a measure 

forr the relative amount of oxygen containing groups at the carbon surface, which is a 

measuree for the hydrophobicity. The FTIR spectrum of SX1G is given in Figure 7.4. 

o o 
C C 
CO O 

J2 2 
L. . 
O O 
tf l l 

JQ Q 
(0 (0 

19000 1700 1500 

reciprocall wavelength (cm"1) 

FigureFigure 7.4. FTIR spectra of SX1G on a KBr-tablet. 
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Thee ratio of the FTIR band at 1700 cm"1 and 1580 cm"1 for both the carbon supports 

andd ruthenium-on-carbon catalysts are shown in Figure 7.5. This figure demonstrates 

thatt treatment of the carbon indeed results in a more hydrophilic carbon after HN03-

treatmentt and in a more hydrophobic activated carbon following a reductive treatment 

inn H2. Impregnation of the carbons with ruthenium results in a decrease of the relative 

amountt of carboxylic groups (Figure 7.5), and thus an increasing hydrophobicity. 

Fortunately,, the catalysts based on the different types of carbons still differ in 

hydrophobicity,, therefore, they can still be used to investigate the impact of 

hydrophobicityy on mass transfer enhancement. 

SX1G-HN033 SX1G SX1G-red 

FigureFigure 7.5. Ratios between the peaks representing the carboxylic groups (1700 cm" ) and the 

bulkk aromatic groups (1580 cm"1) from FTIR-spectra. 

 : carbon support material 

 : 4 wt% Ru-on-carbon catalysts 

Analysiss of the other relevant catalyst properties (Table 7.3) shows that the main 

differencee between the catalysts is the hydrophobicity. The surface area, pore volume, 

andd density are not affected significantly by the activated carbon pre-treatment. 
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Ru/SXll  G-red 

Ru/SXIG G 

Ru/SXll  G-HNO3 

Ru/Si02 2 

dpp (urn) 

20 0 

20 0 

18 8 

28 8 

SBETITII  g" 

944 4 

999 9 

985 5 

670 670 

v v >> (ml g" 

0.54 4 

0.69 9 

0.59 9 

0.35 5 

*) ) PPgg (kg m"3) 

900 0 

900 0 

900 0 

1361 1 

TableTable 7.3, Characteristics of the different catalysts. 

Forr all Ru-on-carbon catalysts the dispersion, determined by CO chemisorption, was 

highh (45 %-98 %), indicating that Ruthenium is well dispersed on the carbon surface. 

Thiss was also observed by Heinen et al. (2000b) and verified once more by TEM 

analysis:: Ru particles are barely observable, despite the considerable Ruthenium 

loadingg (~ 5 wt%). The largest Ruthenium particles on SX1G observed in TEM are 

illustratedd in Figure 7.6 and are around 0.02 urn in size. Most of the Ruthenium 

particless were much smaller. 

FigureFigure 7.6. TEM image of 5 wt% Ruthenium particle on SX1G. 

BPU U 

BPUU experiments are carried out to investigate a difference in adhesion behaviour of 

thee catalyst particles differing in hydrophobicity. Table 7.4 demonstrates that the 

differentt catalyst particles indeed differ in adhesion behaviour, as investigated with 

bubblee pick up (BPU) equipment. The more hydrophobic catalyst particles according 

too FTIR analysis show a higher bubble coverage C, under stagnant conditions, whereas 

silicaa based catalyst particles do not adhere to N2 bubbles at all. 
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Thesee data suggest that under non-stagnant reaction conditions a difference in mass 

transferr rate might be expected for the catalysts based on the different carbon supports. 

Ann even larger difference might be observable between the carbon based catalysts and 

thee silica based catalysts. 

^ ^ 

Ru/SXIG-redd 0.99-1 

Ru/SXIGG 0.61-0.65 

Ru/SX1G-HN033 0.5-0.54 

Ruu /Si03 0 

TableTable 7.4. The bubble coverage £ of nitrogen bubbles under stagnant conditions (BPU) of the 

catalystss in an aqueous system. 

Agglomeration n 

Ass a result of their hydrophobic nature, carbon based catalyst particles tend to adhere 

too bubbles but also they tend to form agglomerates. The agglomeration behaviour of 

thesee particles in a 80 mol m"3 fructose solution is indeed a function of the 

hydrophobicityy of the particles, as demonstrated in Figure 7.7. The reduced, most 

hydrophobic,, carbon (SXIG-red) shows the highest degree of agglomeration followed 

byy the untreated SX1G carbon. The nitric acid treated carbon (SX1G-HN03) shows 

thee lowest degree of agglomeration. Because of the lower degree of agglomeration, the 

effectivee particle diameter decreases with decreasing hydrophobicity, resulting in an 

increasee of the mass transfer rate. The impact of the hydrophobicity by agglomeration 

onn the mass transfer competes with the impact of the hydrophobicity by adhesion. 

Therefore,, under reaction conditions less pronounced differences in the enhancement 

factorr are expected then predicted by differences in bubble coverage only. 
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Ru/SXIG-redd Ru/SX1G Ru/SxlG-HN03 

FigureFigure 7.7. Mean agglomerate sizes for a 0.5 kg m~3 Ru-on-carbon catalyst concentration in 

800 mol m"3 fructose solution. 

Inn Chapter 6 a bubble coverage model was derived to describe adhesion of particles 

underr stagnant conditions. This model can be used to calculate the bubble coverage 

fromm the gas-solid surface tension, the particle diameter, and bubble diameter. In this 

wayy an estimate of the bubble coverage can be derived for the bubbles present in the 

slurryy reactor. The bubble diameter in the reactor under the used conditions lays 

betweenn 1-2 mm (Machon et al (1997)). Results presented in Chapter 6 show that the 

gas-solidd surface tension GSG of the used activated carbon is about 40 mN m"'. For the 

calculations,, a particle diameter of 20 urn is used. The bubble coverage model predicts 

aa bubble coverage between 0.95 (db = 1 mm) and 0.04 (db = 2 mm). Although these 

valuess are far apart (and show the strong effect of bubble size on the bubble coverage) 

itt is clear that mass transfer rate enhancement as a result of adhesion can be expected 

forr this system (Figure 7.8). 
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FigureFigure 7.8. Bubble coverage as a function of the bubble size. Calculated with the bubble 

coveragee model (Chapter 6) using the following parameters: dp = 10 um, O"SG = 40 mNm"1, 

GLGG
 = 72 mN m"1, ppi = 1516 kg m"3. 

7.3.27.3.2 Fructose hydrogenation 

Bubblee pick up results (Table 7.4) show that silica based catalyst particles do not 

adheree to bubbles. Preliminary experiments showed that at a stirring speed of 500 rpm, 

thee conversion rate of fructose in presence of silica based catalyst is mass transfer rate 

limited,, similarly to the case in which activated carbon based catalysts are used. 

Therefore,, these silica based catalysts can be taken as non-adhering particles to 

determinee the reference mass transfer rate, and to obtain values for kLaL and krr|m. 

c*vc*vL L 
(( dr 

• + --
kkLLaaLL \6ks krT]m) y, 

(7.4) ) 
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FigureFigure 7.9. C V L O U " 1 versus ppgYs"1 for the mass transfer limited hydrogenation of 

800 mol m"3 fructose in water in presence of Ru/SiC>2 catalyst particles. P = 10 bar H2, and 

TT = 373 K. The markers ( • ) represent the experimental data. The solid line follows from 

linearr regression using equation (7.4). 

Thee obtained values for kLaL and krr|m are 6.23-10" s" and 0.021s" respectively. The 

valuee of kL in m s"1 is calculated from the equation proposed by Trambouze (1984): 

^ = 0 . 3 1 1 (7.5) ) 

Equationn (7.5) results in the estimated values of kL and aL of 3.7-10"3ms"1 and 

166 m2 m"3 respectively. 

Thee silica based catalyst particles are used as reference particles to calculate the mass 

transferr enhancement factor E by adhering particles. The values of kL, aL and k,T|m are 

usedd to fit the mass transfer rates during fructose hydrogenation, using the Ru-on-

carbonn catalysts. For the calculation of the enhancement factor E, the following 

equationn is used : 
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EE = 
0) ) 

RulC RulC 

0) ) 
(7.6) ) 

Ru/SiO, Ru/SiO, 

Thiss equation can only be used under similar hydrodynamic conditions and similar 

specificc external catalyst surface as. The enhancement factors calculated in this way 

aree shown in Figure 7.10, along with the results from a best-fit procedure using 

equationss (7.1), (7.2), and (7.3) and parameter values shown in Table 7.2 . Values for 

thee three fit parameters, maximum bubble coverage £max, critical catalyst concentration 

Yso,, and the parameter q, are obtained from this best-fit procedure (see Table 7.5). 

0.2 2 0.44 0.6 

Ys(kgm- 3) ) 

0.8 8 

FigureFigure 7.10. The enhancement factor E as a function of the catalyst concentration, ys-

Bulletss represent the ratio of the experimental conversion rates in presence of Ru/C particles 

andd the experimental conversion rate in the presence of Ru/SiC^ particles as defined by 

equationn (7.6). The solid lines are calculated from equations (7.1), (7.2), and (7.3) using the 

valuess of £max, q, and yso as in Table 7.5 and the parameters shown in Table 7.2. 

A—:SXlG-red,, • — : SX1G, • — : SX1G-HN03. 
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Catalystt ~~" £max Yso(kgm"3) q ^ k g " 1 ) 

Ru/SXIGG 0.068 0.041 9 

Ru/SXIG-red.. 0.104 0.049 3 

Ru/SX1G-HN033 0.061 0.051 8 

TableTable 7.5. Parameters obtained using equations (7.1), (7.2), and (7.3) for a best-fit procedure 

off the experimental results shown in Figure 7.10. The required input parameters are given in 

Tablee 7.2. 

Dataa from Table 7.5 show that small differences exist in the bubble coverage for the 

variouss carbon based catalysts used (Figure 7.10) but confirms that higher bubble 

coveragess are found for more hydrophobic particles. It is further shown that under 

high-shearr conditions the bubble coverage is lower than predicted from the bubble 

coveragee (Table 7.4) and from the bubble coverage model (Figure 7.8). Such a 

differencee with respect to adhesion and agglomeration may be explained by a 

differencee between stagnant and high-shear conditions. A second possible explanation 

iss the effect of the bubble size on the bubble coverage (Figure 7.8). During BPU 

experiments,, the bubbles have a diameter of about 1 mm. In the reactor, they are in the 

rangee 1-2 mm, resulting in lower bubble coverage. For the prediction of the bubble 

coverage,, a mean particle diameter of 20 |Lim is used, while in practice, a particle size 

distributionn is present. Finally, in water the particles tend to form agglomerates, 

resultingg in a higher effective particle diameter leading to a lower bubble coverage 

thann expected. 

7.44 Conclusions 

Underr industrial relevant fructose hydrogenation conditions enhancement of the mass 

transferr rate using adhering instead of non-adhering catalyst particles occurs. A change 

inn hydrophobicity of activated carbon based catalyst particles results in a change in the 

enhancementt factor by a change in the bubble coverage under reaction conditions. The 

differencess are not as significant as expected from the bubble pick up experiments 

obtainedd under stagnant conditions. This can be explained by the fact that in a slurry 

reactorr the hydrodynamics and occurring bubble sizes significantly differ from these 

underr stagnant conditions. Besides adhesion, the particles also have the tendency to 
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formm agglomerates. Both agglomeration behaviour and adhesion are affected by the 

hydrophobicityy of the catalyst particles. An increase in hydrophobicity results in 

increasedd bubble coverage, but also increased agglomeration behaviour. An increase in 

thee bubble coverage results in an increased conversion rate, while agglomeration 

resultss in a decreased conversion rate by an increased effective particle diameter. 
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7.55 Nomenclature 

aLL bubble surface per unit of slurry volume, m m" 

ass external catalyst surface per unit of slurry volume, m m" 

C** gas reactant concentration at the film side of the gas-liquid interface, mol m~3 

DABB binary diffusion coefficient, m2 s"1 

dpp particle diameter, m 

EE enhancement factor, -

kLL liquid-side mass transfer coefficient for the uncovered part of the bubble 

surface,, m s"1 

kLSS liquid-side mass transfer coefficient for the covered part of the bubble 

surface,, m s"1 

kss mass transfer coefficient from the bulk liquid to the surface of the catalyst, m s"1 

krr first order reaction rate constant, s"1 

mm partition coefficient defined as the ratio between the amount of gas phase 

reactantt molecules per unit volume catalyst and the amount of gas phase 

reactantt molecules per unit volume liquid, -

qq constant used in equation (7.2), m3 kg"1 

SBETT BET surface, m2 g~' 

VLL volume of the solid-liquid suspension in the reactor, m3 

Vpp pore volume, ml g"1 

GreekGreek symbols 

aa bubble coverage angle, ° 

y ss catalyst concentrat ion in the slurry, kg m" 

Ysoo critical catalyst concentration, kg m"3 

C,C, fraction of bubble surface covered by adhering particles, -

^maxx max imum bubble coverage, -

T|| effectiveness factor of the catalyst,-

( X LL l iquid viscosity, Pa s 

Pii l iquid density, kg m"3 

p p gg densi ty of a dried catalyst with gas filled pores, kg m~ 

ppii densi ty of a dried catalyst with liquid filled pores, kg m"3 
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OLGG static surface tension between gas phase and liquid phase, N m' 

Q>Q>cc mass transfer rate for the covered part of the bubble, mol s"1 

<ï>uu mass transfer rate for the uncovered part of the bubble, mol s"1 

0Ru,cc conversion rate in presence of adhering particles, mol s"1 

R̂u/sio;:: conversion rate in absence of adhering particles, mol s~l 
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Concludingg remarks 

Fromm the results described in this thesis, it is concluded that the performance of 

aqueouss three phase reactors may be influenced to a significant degree by the 

hydrophobicityy of the particles present. This arises from the tendency of strongly 

hydrophobicc particles to segregate from the aqueous phase, either by adhesion to gas 

bubbles,, or by agglomeration. In turn, these segregation phenomena tend to affect 

diffusionn and external mass transfer and may thus affect overall reaction rates. 

Adheringg particles also tend to influence the bubble coalescence rate and thereby 

hydrodynamicss of the three-phase reactor, as reflected by the gas hold-up, the gas 

phasee residence time distribution and the backmixing behaviour. A schematic 

representationn of the impact of the hydrophobicity is given in Figure 8.1. 

•Masss transfer 

•Hydrodynamics s 
•Masss transfer 

•Filterability y 

FigureFigure 8.1. Impact of hydrophobicity of catalyst particles on the performance of a three phase 
reactor. . 
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Ass shown by both hydrogenation of methyl acrylate (Chapter 2) and the hydrogenation 

off fructose (Chapter 7), the presence of hydrophobic adhering catalyst particles can 

enhancee the conversion rate of a mass transfer limited reaction in aqueous slurries. 

Higherr reaction rates are observed than for non-adhering catalyst support materials, 

likee silica and alumina based catalysts. Experiments on fructose hydrogenation, 

describedd in Chapter 7, show that this phenomenon also occurs under elevated 

pressuress and temperatures (10 bar and 373 K), hence under industrial relevant 

conditions.. The enhancement of G-L mass transfer by particle to bubble adhesion can 

bee described by the enhancement model. This model has been developed based on the 

filmm theory and on bubble particle collision probability and is described in Chapter 2. 

Thee results described in Chapter 2 show that carbon particles do not only segregate 

fromm the liquid phase by adhesion to the gas bubble, but also by agglomeration. 

Agglomerationn leads to an increase of the effective particle diameter, resulting in a 

lowerr mass transfer rate. Agglomeration and adhesion are a result of the same 

parameter:: hydrophobicity, but have an opposite effect on mass transfer. Besides the 

effectt on the mass transfer rate, agglomeration influences also another industrially 

importantt parameter: agglomeration has a major impact on the filterability of the 

catalystt particles. A cake formed by agglomerates is less dense and results in a faster 

filtrationn process, than a very tight cake of small single particles. 

Ann important parameter used to describe the enhancement of a mass transfer rate 

limitedd reaction is the bubble coverage. To determine this parameter a new flotation 

columnn has been developed. This column operates under laminar conditions (Chapter 

3).. By forcing the collision between the particles and bubbles at the entrance of the 

column,, the same collision behaviour as under turbulent conditions is obtained. By 

doingg so, the collision probability found in the flotation column becomes 

representativee for the collision probability in the slurry reactor. A difference in bubble 

coveragee is still expected because of the impact of the hydrodynamics on the adhesion 

probability.. If the bubble coverage results found by using the enhancement model 

describedd in Chapter 2 for methyl acrylate hydrogenation are compared with those 

foundd using the flotation column the two are in very good agreement. 
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Becausee of the high impact of the hydrophobicity of activated carbon on the 

performancee of aqueous three phase reactors, it is important to obtain a good measure 

forr this parameter. In literature different kinds of experimental techniques are 

suggested.. The common way to describe the hydrophobicity is the three phase contact 

angle.. This parameter can be easily measured for flat surfaces, but unfortunately it is 

difficultt for small porous particles, like activated carbon particles. A suitable method 

too determine the three phase contact angle is the sedimentation method. Indirect 

methodss to measure hydrophobicity are bubble pick up, flotation and FTIR 

experiments.. All these methods have been used and compared in Chapter 4. Both 

bubblee pick up and flotation experiments are methods used to obtain the bubble 

coverage.. This parameter is a measure for the hydrophobicity when particles of similar 

sizee and density are used. If particles differ in particle sizes, the difference in particle 

sizee distribution before and after flotation can be used as a measure for the 

hydrophobicity.. The hydrophobicity of activated carbon is mainly determined by the 

amountt of oxygen containing groups at the surface. Therefore, FTIR is a suitable 

indirectt method to measure hydrophobicity. For this method a comparison is made 

betweenn the signal of carboxylic groups and the signal of bulk carbon. For activated 

carbonss differing in hydrophobicity, the results described in Chapter 4 show that all 

differentt type of hydrophobicity measurement methods show the same ranking of the 

activatedd carbons. If the value of the three phase contact angle is needed, only the 

sedimentationn method can be used. 

Fromm literature it is known that the presence of particles in a slurry bubble column 

affectss the hydrodynamics. Empirical models describing this impact by an effect on 

thee apparent density and viscosity are used to design columns for industrial purposes. 

Chapterr 5 demonstrates that, besides the impact of particles on the apparent viscosity 

andd density, also the hydrophobicity of the used particles is a dominant factor. A 

changee in surface hydrophobicity of the applied particles modifies the coalescence 

behaviourr of the bubbles present in a column severely: more hydrophobic particles 

tendd to induce faster coalescence, which results in a lower gas hold up. A plausible 

explanationn for this effect is that the penetration depth of the carbon particles differs 

withh hydrophobicity. More hydrophobic particle will penetrate deeper into the gas-

liquidd interface resulting in an easier rupture of the bubbles and, thereby, causing 

fasterr coalescence of bubbles. 
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Inn Chapter 6 a model to predict the bubble coverage of a stagnant bubble based on 

gravity,, buoyancy, capillary force and capillary pressure has been developed. The 

threee phase contact angle, bubble diameter, particle diameter and gas-liquid surface 

tensionn are the most important parameters. The bubble coverage model was verified 

usingg the bubble coverage obtained using the flotation column and could predict the 

bubblee coverage reasonably well. This model can be applied to predict whether bubble 

coverage,, and thus G-L mass transfer enhancement, can be expected in three phase 

reactors. . 

Inn Chapter 7 it is shown that the use of adhering activated carbon results in mass 

transferr rate enhancement at elevated pressure and temperature, and that the 

enhancementt model, introduced in Chapter 2, can predict the enhancement of the 

conversionn rate under these conditions as well. For the experiments activated carbons 

differingg in hydrophobicity are used, which under stagnant conditions showed 

significantt differences in bubble coverage and agglomeration. The most hydrophobic 

particlee resulted in both the highest adhesion and agglomeration. The difference in 

enhancementt of the mass transfer by varying the hydrophobicity is not as pronounced 

ass expected from the stagnant bubble coverage, which is caused by the mass transfer 

ratee reducing effect of the agglomeration. 

Fromm all the results described in this thesis the main conclusion is that the 

hydrophobicityy of activated carbons is a very important parameter. This parameter can 

measuredd quantitatively using Washburn, FTIR, or flotation experiments. The 

hydrophobicityy in terms of a three phase contact angle can be determined qualitatively 

usingg the sedimentation method. This three phase contact angle and the bubble 

coveragee developed in Chapter 6 can be used to calculate an expected bubble 

coverage,, under the assumption that the particle diameter (agglomeration!) and bubble 

diameterr are known. After substitution of the calculated, or experimentally obtained 

(Chapterr 3 and 4), bubble coverage into the enhancement model (Chapter 2), a 

predictionn of the enhancement factor is obtained. Of course by doing so the 

agglomerationn behaviour is neglected, resulting in an overestimation of the 

enhancement,, but this recipe will show whether enhancement can be expected in an 
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industriall three phase reactor. The recipe is also represented by the diagram in Figure 

8.2. . 

Sedimentationn method 
Ch.. 4 

FTIR R 

Washburn n 

Flotationn column 

Bubblee pick up 

FigureFigure 8.2. Recipe to determine whether enhancement of the mass transfer can be expected in 

ann (industrial) three phase reactor. Straight line: quantitative method, dotted line: qualitative 

method. . 
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Samenvatting g 

Dee belangrijkste conclusie die uit dit proefschrift getrokken kan worden is dat de 

hydrofobiciteitt van actieve kool deeltjes in een waterig milieu inderdaad de 

performancee van een driefasereactor beïnvloed. Deze invloed wordt veroorzaakt door 

hett feit dat de actieve kool deeltjes zich afscheiden van het waterige milieu. Dat 

afscheidenn gebeurt op twee manieren: de kool deeltjes kunnen aan een gasbel adheren, 

off ze kunnen onderling in de vloeistoffase agglomereren. Door het adheren en 

agglomererenn wordt de gas-vloeistof massatransport beïnvloed. Als een gevolg hiervan 

wordtt ook de conversiesnelheid beïnvloed. Adhesie van actieve kool deeltjes heeft 

daarnaastt ook een effect op coalescentie tussen twee bellen en, daardoor, een invloed 

opp de hydrodynamica in een driefasereactor. De belangrijkste gevolgen hiervan zijn 

eenn andere gasvolumefractie, verblijftijd van het gas in de reactor, en de mate waarin 

dee reactor als een CSTR functioneert. De invloed van hydrofobiciteit is schematisch 

weergegevenn in Figuur 9.1 

•Massatransportt «Massatransport 
•Hydrodynamicaa •Filtreerbaarheid 

FiguurFiguur 9.1. De invloed van de hydrofobiciteit van een katalysatordeeltje op de performance 

vann een driefasereactor. 
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Datt adhesie inderdaad de conversiesnelheid van een massatransport gelimiteerde 

reactiee versneld is aangetoond in Hoofdstukken 2 en 7. In deze hoofstukken zijn de 

hydrogeneringg van methylacrylaat en fructose in aanwezigheid van adherende, actieve 

kooll gebaseerde, en niet-adherende, alumina of silica gebaseerde, katalysator deeltjes 

bestudeerd.. In aanwezigheid van adherende katalysatordeeltjes zijn, onder massa

transportt gelimiteerde condities, hogere conversiesnelheden gevonden dan in 

aanwezigheidd van niet adherende katalysatordeeltjes. De resultaten van fructose 

hydrogeneringsexperimenten,, die beschreven zijn in Hoofdstuk 7, laten duidelijk zien 

datt de versnelling ook onder industrieel relevante condities (hogere temperatuur en 

druk)) optreedt. In Hoofdstuk 2 is een model geïntroduceerd dat deze versnelling van 

eenn massatransport gelimiteerde reactie beschrijft. Dit massatransportsversnel-

lingsmodell is gebaseerd op de filmtheorie en de botsingskans tussen deeltjes en bellen. 

Datt kool zich niet alleen afscheidt van de vloeistof door adhesie, maar ook door 

agglomeratiee is bewezen in Hoofdstuk 2. Wanneer agglomeratie optreedt, zal de 

effectievee kooldeeltjesdiameter toenemen. Als gevolg hiervan zal de massatransport

snelheidd van de gasfasereactant naar het katalysatoroppervlak afnemen. Naast een 

invloedd op de massatransportsnelheid, heeft agglomeratie ook een invloed op de 

filtreerbaarheidd van de katalysatordeeltjes. Een filtercake gevormd uit agglomeraten is 

minderr dicht dan een cake gevormd uit de basisdeeltjes. Als gevolg hiervan zullen de 

agglomeratenn beter en sneller fïltreerbaar zijn. 

Dee belbedekkingsgraad is een belangrijke parameter om de versnelling van een 

massatransportt gelimiteerde reactie te beschrijven. Deze parameter kan gemeten 

wordenn door gebruik te maken van een nieuw ontwikkelde, gemodificeerde flotatie-

kolom.. Om er voor te zorgen dat een onder laminaire condities opererende flotatie-

kolom,, zo representatief mogelijk is voor een onder turbulente condities opererende 

reactor,, worden de deeltjes en bellen bij de ingang van de kolom geforceerd met elkaar 

inn contact gebracht. Uit de vergelijking van de belbedekkingsgraaad in de reactor 

tijdenss methylacrylaat experimenten, gevonden door het masstransportversnellings-

modell te gebruiken, en de bedekkinggraad gevonden in de flotatiekolom blijkt dat 

dezee kolom inderdaad de bedekkingsgraad redelijk voorspelt. 
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Uitt het voorgaande blijkt dat de hydrofobiciteit van actieve kooldeeltjes inderdaad een 

invloedd heeft op de performance van een driefasereactor. Om deze reden is het erg 

belangrijkk dat deze parameter goed, kwantitatief of kwalitatief, bepaald kan worden 

(Hoofdstukk 4). Een van de kwantitatieve manier om hydrofobiciteit te beschrijven is 

dee driefasecontacthoek. Wanneer een vaste stof een mooi groot en vlak oppervlak 

heeft,, is deze parameter makkelijk te bepalen, maar voor poreuze deeltje, wat de door 

onss gebruikte actieve kolen zijn, is dat helaas niet zo. Voor dit soort deeltjes is de 

sedimentatiemethodee de meest geschikte. Om kwalitatief iets over de hydrofobiciteit 

vann deeltjes te kunnen zeggen zijn verschillend methodes geschikt: "Bubble pick up" 

(BPU),, flotatie-experimenten, FTIR en de Weitkanp methode. Met de BPU en de 

flotatiekolomm wordt de bedekkingsgraad van een bel gemeten. Dit is een maat voor de 

hydrofobiciteitt als deeltjes met dezelfde grootte en dichtheid worden gebruikt. 

Wanneerr dit niet het geval is, kan het verschil in deeltjesgrootte verdeling voor en na 

flotatiee gebruikt worden als een maat voor de hydrofobiciteit. 

Dee hydrofobiciteit van actieve kool wordt hoofdzakelijk bepaald door het aantal 

zuurstofhoudendee groepen aan het oppervlak. Daarom is FTIR een erg geschikte 

methodee om de hydrofobiciteit te bepalen. De verhouding tussen het signaal van zure 

groepenn en het signaal van de buikkool wordt in dit geval als maat gebruikt. Alle 

verschillendee methoden beschreven in Hoofdstuk 4 laten voor actieve kool dezelfde 

trendd in hydrofobiciteit zien. Wanneer een kwantitatieve waarde voor de 

hydrofobiciteitt nodig is, ofwel de driefasecontacthoek, is de sedimentatiemethode de 

bestee keuze. 

Hett is bekend uit de literatuur dat de aanwezigheid van deeltjes de hydrodynamica van 

eenn bellenkolom beïnvloedt. Om deze invloed te beschrijven zijn in de literatuur 

empirischee modellen beschreven. Voor deze modellen wordt de invloed van de 

deeltjess op de hydrodynamica toegeschreven aan een verandering in de ogenschijnlijke 

viscositeitt en dichtheid. In Hoofdstuk 5 wordt aangetoond dat, wanneer actieve 

kooldeeltjess gebruikt worden, er nog een andere parameter een grote rol speelt: de 

hydrofobiciteitt van de deeltjes. Door het hydrofobe karakter van de kooldeeltjes 

dringenn deze deeltjes in de vloeistof-gas grenslaag van de bel, waardoor deze 

makkelijkerr breekt. Hierdoor zal coalscentie van gasbellen makkelijker optreden, wat 

eenn direct gevolg heeft op de gasvolumefractie in de kolom, en daarmee op de 
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hydrofobiciteit.. De indringdiepte van de deeltjes in de bel is afhankelijk van de 

hydrofobiciteit,, vandaar dat een verandering in de hydrofobiciteit van deeltjes in een 

bellenkolomm een grote verandering in de hydrodynamica kan veroorzaken. 

Inn Hoofdstuk 6 wordt een model beschreven dat de bedekking van een bel schrijft 

onderr stagnante condities. Dit model is gebaseerd op de zwaartekracht, de opwaartse 

kracht,, de capillaire kracht en de capillaire druk. De driefasecontacthoek, de 

beldiameter,, de deeltjesdiameter en de gas-vloeistof oppervlakte spanning zijn de 

belangrijkstee parameters van dit model. Dit belbedekkingsmodel is gevalideerd door 

gebruikk te maken van de flotatiekolom resultaten die in Hoofdstuk 4 beschreven staan. 

Aann de hand van dit model kan voor industriële processen bepaald worden of onder de 

gebruiktee omstandigheden een versnelling van het gas-vloeistof massatransport kan 

optreden. . 

Inn Hoofdstuk 7 wordt bewezen dat adhesie en agglomeratie niet alleen optreden onder 

atmosferischee druk en kamertemperatuur, maar ook onder verhoogde druk en 

temperatuur.. Tevens wordt bewezen dat het in Hoofdstuk 2 geïntroduceerde massa-

transportversnellingsmodell ook onder deze omstandigheden de massatransport

versnellingg kan beschrijven. In dit hoofdstuk worden de resultaten met betrekking tot 

adhesiee en agglomeratie, behaald met actieve kolen met een verschil in hydrofobiciteit, 

beschreven.. De meest hydrofobe deeltjes vertoonden, onder stagnante condities, de 

hoogstee belbedekking en de grootste effectieve deeltjesdiameter als gevolg van 

agglomeratie.. Doordat deze twee verschijnselen een tegenstrijdige invloed op de 

massatransportsnelheidd hebben, is het verschil in versnelling onder niet-stagnante 

conditiess minder uitgesproken dan verwacht gebaseerd op de belbedekking onder 

stagnantee condities. 

Ditt proefschrift toont aan dat hydrofobiciteit een heel belangrijke parameter is (Figuur 

9.1),, en dat deze parameter op verschillende manieren bepaald kan worden: kwalitatief 

doorr middel van FTIR, Washburn en de flotatie kolom en kwantitatief door middel van 

dee sedimentatiemethode. Uit de sedimentatiemethode volgt de driefasecontacthoek, die 

gebruiktt kan worden als parameter voor het belbedekkingsmodel (Hoofdstuk 6). De 

berekende,, of experimenteel bepaalde (Hoofdstuk 3 en 4), belbedekking kan gebruikt 

wordenn om met het massatransportversnellingsmodel de verwachtte versnelling van 
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eenn massatransportgelimiteerde reactie te bepalen. Op deze manier wordt de 

agglomeratiee van katalysator als functie van de hydrofobiciteit buiten beschouwing 

gelaten,, maar de verkregen versnellingsfactor geeft wel een indicatie of 

massatransportversnellingg zou kunnen plaats vinden. Een schematische weergave van 

ditt recept is gegeven in Figuur 9.2. 

Sedimentatiemethode e 
H.. 4 

FTIR R 

Washburn n 

Flotatiekolom m 

'Bubblee pick up" 

FiguurFiguur 9.2. Recept om de versnelling van de conversiesnelheid van een massatransport 

gelimiteerdee reactie in een (industriële) driefasereactor te voorspellen. Doorgetrokken lijnen: 

kwantitatievee methode, stippellijnen: kwalitatieve methode. 
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Ikk heb van heel veel mensen gehoord dat het dankwoord het moeilijkste stukje van je 

helee proefschrift is: dat is zo. Je bent zo bang om mensen te vergeten terwijl dat 

absoluutt niet de bedoeling is! 

Omm te beginnen wil ik natuurlijk mijn begeleiders aan de Universiteit van Amsterdam 

bedanken.. Alfred, je hebt mij veel vrijheid gegeven om de richting van het onderzoek 

zelff te bepalen, daar heb ik erg veel van geleerd. Peter, onze besprekingen waren voor 
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onderzoekk hebben meegewerkt. Veel werk daarvan is immers in dit proefschrift terug 
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hebb ook nauw samengewerkt met mensen uit de groep van Professor van Bekkum en 

Professorr Geus. Annemieke en Wendy, beide bedankt voor alle gesprekjes die we 

hebbenn gevoerd. Enne Wendy, ook ik zal dat bekertje in Toulouse niet snel vergeten! 

Hett feit dat ik bij jou Paranimf mocht zijn zegt denk ik genoeg over onze 
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Bronn en Remko, volgens mij vond Sjoerd ons echt te druk, maar ik vond jullie (alle 

drie)) prima kamergenoten. Sander, het was toch wel erg leuk om af en toe lekker op 

z'nn Delfts iemand te laten blijken datje het gezellig vindt, vandaar dat ik jou gevraagd 

hebb om mijn paranimf te zijn. Adriaan Tates, je was niet vaak aanwezig, wat jou 

misschienn wel mijn ideale kamergenoot maakte. Als je er was, was het wel gezellig. 

Mennoo volgde jou op wat weer een boel herrie op onze kamer veroorzaakte. Ioana, ik 

komm gauw weer een keertje thee drinken en Nederlands met je kletsen. Bart en 

Adriaan,, hopelijk hebben jullie mij als buurvrouw overleefd. Roland, Thijs en Jochem, 

eenn beetje Nerds zijn jullie wel, maar bedankt voor alle computer hulp. Daan, Theo, 

Coo Wietze, Hans, Paul, en Ron, zonder goede mensen op de werkplaats zijn goede 

experimentenn onmogelijk. Ik wil jullie bedanken voor het altijd meedenken over 

experimentelee setups en het altijd zo snel actie ondernemen. Marjo en Bart, dankzij 

julliee kennis op technisch gebied reilde en zeilde het lab wel. Fred, ik vond het erg 

gezelligg om met jou samen naar huis te reizen. We hebben in de auto wat afgekletst. 

Nicole,, ik zal, denk ik, nooit meer zo'n koffiejuf tegenkomen. Je bent geweldig. 
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mijnn promotieonderzoek. Andere interesses hebben we wel altijd gedeeld, waardoor ik 

hett gevoel heb dat wij drieën een hele hechte band hebben. Gertjan, jij bent voor mij 

niett zomaar aanhang, maar een echte broer. Een betere kan ik niet wensen. Mevrouw 

Moene,, Karin en Sietze: bedankt voor alle interesse die jullie in mij getoond hebben. 

Angèle,, jij hoort voor mij, samen met Peter, ook bijj mijn thuisfront. Ik vind het erg fijn 

datt jij mijn paranimf wilt zijn. 

Rob,, wij hebben met zijn tweeën afgelopen jaren heel wat leuke en minder leuke 

dingenn meegemaakt. Jij wist precies wat het is om promovendus te zijn. Vandaar datje 

mijj altijd alle ruimte hebt gegeven om dit goed te kunnen afronden. Bedankt voor al je 

liefde. . 
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